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DISTURBANCES OF FUNCTION INDUCED BY LEWISITE 
( 2 -CHLORVINYLDICHLORARSINE) By G R Cameron, 
F C Courtioe, and R H D Short From the Experimental 
Station, Porton, Wilts 

(Received for publication 10 th January 1040 ) 

The pathological changes produced by lewisite and allied compounds 
have been described by Cameron, Carleton, and Short [1946] Lewisite, 
when applied to the slun of animals, produces locally a central area of 
necrosis surrounded by a large area of oedema In addition to this local 
lesion the absorbed lewisite oxide circulating m the blood-stream causes 
general systemic effects It is the functional disturbances resulting 
from the oapillary damage and the consequent upset of water balance 
that have been investigated here 

Four mam groups of experiments have been performed 

(i) The blood and circulatory changes during the period of “shock” 
which results from the capillary damage and formation of 
oedema 

(n) The flow and composition of lymph from various ducts of the 
body 

(in) The renal disturbance secondary to the anhydrsemia 
(iv) The late anosmia which follows the period of “shock” 

Methods 

General — Rabbits, goats, and dogs have been used in these ex- 
periments All the animals, except where otherwise stated, were un- 
amesthetized In the ma]ority of experiments the apphcation of pure 
liquid lewisite to the chpped skm of the animals was investigated, while 
in some cases the effects of intravenous mjeotion of the water soluble 
lewisite oxide, /Lchlorvuiylarsenoxide, were also studied 

The investigation of the blood and oirculatory changes entaded the 
measurement of the plasma volume, hsematoent, haemoglobin per cent , 
red-cell count, plasma protein concentration, plasma N P N and urea, 
blood pressure and body temperature In order to investigate further 
the capillary damage and loss of fluid, the lymph drainage of the body 
was studied In these experiments lymph was collected from ducts 
draining the local lesion and also draining tissues remote from the local 
lesion m dogs following skm contamination noth lewisite Experiments 
with lymph drainage of the body were also performed in which lewisite 
VOL XXXIV, NO 1—1947 1 i 
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oxide was injected intravenously, in w Inch case there is no local site of 
contamination 

As a result of fluid loss due to oedema formation giving use to 
circulatory changes, disturbances of renal function \\ ere investigated 
These investigations w ere made with labbits in chronic experiments 
and with amesthetized dogs m acute experiments To collect 24-hour 
samples of unne from the labbit, the animal was kept m a metabolism 
cage and any urine passed durmg the day was collected In addition 
each labbit (all males used) was catheterized at the same time each 
morning, so that the total 24-hour sample of urine was accuratel}'' 
measured In acute experiments with dogs, the male was used and a 
catheter passed into the bladder The bladder could thus be emptied 
at definite time intervals 

Analytical Methods — The detailed methods used are as follows — 

( 1 ) Blood Volume — The blue dye, Evans Blue or T-1824, has been 
used The method of applying this is described by Courtice 
[1943] 

(n) Hcemoglobm per cent — Haldane htemoglobinometer 
(m) Red-Cell Count — Thoma luemocytometer 

(iv) Plasma and Lymph Proteins — The micro Kjeldahl digestion 

and Nesslenzation method of Wong [1923] was employed 
to determme the protein concentration Albumm nnd 
globulin w ere determined by precipitating the globulin with 
22 per cent sodium sulphate at 38° C [Howe 1921], and 
estimating the albumin in the filtrate by micro Kjeldahl 
digestion and Nesslenzation 

(v) Non-Protein Nitrogen (N P N ) — This has been determined b} 

nncro-K jeldahl digestion and Nesslenzation after precipitnt 
ing the proteins with”tBchloracetic acid 

(vi) Plasma Urea — Determined colonmetricallynfter digestion with 
urease and Nesslenzation [cf Harrison, 193 7] 

(vn) Urine Urea — Manometric determination using the \ an fely ko 
machine [Peters and van Slyke, 1932] 

(vm) Body Temperature —Measured rectal Ij with clinical ther- 
v moineter 

(ix) Blood Pressure —In acute experiments with amesthetized 
annuals, blood pressure was determined by canmilntmg an 
artery (femoral oi carotid) and recording on a kjmograpli 
In unamesthetized rabbits the blood pressure was detci mined 
by the method descnbed bj Grant and Bothscluld [1934] 

Blood samples were taken from the ear \ems in rabbits nnd from the 
jugular veins m goats and dogs Potassium oxalate w as used to pre\ ent 
coagulation of the blood, and dry bepann introduced into the cannula at 
intervals to prevent coagulation of the lymph 
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Results 
1 Lewisite. Shock 

After the skin appbcation of small amounts of lewiBite, ammals were 
noticed to be in a state of collapse with cold extremities and collapsed 
peripheral circulation These observations of the general attitude of 
the animal together with the large amount of fluid loss as a result of the 
cedema led to an investigation of the general systemic effects of lewisite 
and in particular to a study of the changes m the blood which might be 
affected by the local loss of fluid 

Experiments were, therefore, earned out m which were determined 
the blood volume, plasma protein concentration, non-protein nitrogen, 



applied 

1 Fl ° I 1 r Th0 offectfl of skm application of lewisite, 4 mg /kg , on blood volume, 
lucruoglobin per cent , rod-cell count, plasma protom per cent , and plasma N P.N 
in rabbits Mean of four experiments 
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haemoglobin per cent , and red-cell count of the blood These detoi- 
inmations uere made on unamesthetized ammals, daily foi two 01 moio 
days before the application of lewisite, and then daily aftei u ards until 
the animal either died or recovered Two groups of experiments w ere 
performed In the first the effects of skin application of lewisite, and 
in the second the effects of the intravenous injection of the nater soluble 
lewisite oxide, were investigated 

(i) Skin Application of Lewisite. — Both rabbits and goats u ere used 
in these experiments Rabbits were given 4 mg /kg body-u eight and 
goats 10 to 10 mg /kg 

(a) Babbits — The general effects on the blood can be seen in fig 1 
The results in tins figure are the averages obtained from experiments on 
four rabbits, each individual animal behaving m an almost identical 
manner All these ammals survived In Table I are similar results in a 
typical fatal case 


Table I — Rabbit 1017 Lewisite, 4 mo /kg on fc>KiN 



Hb 

per 

cent 

Hieina 

tocrit 

Plasma 
vol , 
e c 

Corp 
vol , 
c c 

Total 
vol , 
c 0 

Plasma 
prot , 
g per 
cent 

NPN 1 

mg per 
cent 

Before lewisite 








3 days before 

00 

24 0 

131 

43 

174 

0 03 

40 


00 

22 7 

131 

30 

170 

0 00 

38 

1 day „ 

69 

23 6 

140 

43 

183 

6 23 

35 

0 || Jt 

62 

20 3 

133 

34 

167 

6 09 

44 

After lewisite 








1 day after 

70 

32 3 

96 

45 

140 

4 04 

40 

2 days „ 

70 

Died 

30 6 

87 

3S 

125 

5 03 

7G 


The fall m the plasma volume within the first 24 hours is strikmg 
The cell volume remains fairly constant so that there is a considerable 
fall in the total circulating blood Provided the animal does not die, 
the plasma volume remains at a low level for two or three days, and then 
gradually returns to normal m five to seven days During the period 
when the plasma volume is Ion , the rabbit looks very ill, loses its appetite, 
has cold ears and extremities and is generally very difficult to bleed from 
the ear When the plasma volume begms to return to normal thoie is 
usually a great improvement in the general condition of the annual In 
fatal cases of lewisite poisoning death usually occurs duruig tins period 
of shock, but the changes m the gall-bladder and lner might cause death 

later 

Associated with the fall m plnsraa volume is a concentration of the 
blood with a consequent rise m the liamioglobm per cent , red-cell count, 
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and hsematoont These return to normal or fall below normal, when the 
plasma volume rises 

The fall m plasma volume 13 due mainly to a leakage of plasma from 
the circulation locally at the site of application of lewisite, and may be m 
part also m other tissues or the tissues m general remote from the local 
lesion That the proteins pass out of the circulation is shown by the 
behaviour of the plasma proteins The total plasma protein con- 
centration falls during the first three days after lewisite application, and 
then as the blood volume returns to normal the plasma protein level 
also nses In rabbits the fall m the plasma protein concentration is due 
in most cases to a fall m the albumin fraction, the globulin remaining 
constant or rising 

The extent of the loss of protein from the circulation can be seen by 
calculating the total protein m the circulating plasma before and after 
the application of lewisite The mean results of the experiments on 
four rabbits shown graphically m fig 1, and the figures for the experiment 
represented in Table I, are given in Table II 


Table II — Total Cesioulating Plasma Protein in Grams 



Days before 
lewisite 

Days after lewisite 


3 

2 

1 

° 

1 

2 

3 

4 

5 

6 

n 

Mean of four rabbits m 



S 1 

7 7 

49 

4 5 

5 3 

03 

I 

■ 

82 

fig 1 

Rnbbit 1017 m Table I 

8 7 

8 7 

8 7 

8 1 

4 4 

4 4 

Died 


I 

1 



The fall in the total circulating plasma protein is, therefore, very con- 
siderable m lewisite shock If the animal survives, the protein begins to 
increase on the third day, and by the seventh day is back to normal It 
is, therefore, fairly quickly replaced 

During the period of circulatory collapse with the decreased blood 
volume and decreased plasma proteins, the blood urea almost invariably 
rises In some instances tlus rise is small, m others very great In 
fig 1 is plotted the NPN of the plasma It nses rapidly from about 
10 mg per cent to about 140 mg per cent during the penod of shock, 
but just as rapidly returns to normal when the blood volume returns to 
its pre-lewisite level This suggests a functional rather than a histo- 
logical disorder of the kidney A more detailed investigation will he 
described later 

In another group of expenments with rabbits, the blood pressure, 
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rectal temperature, plasma urea, and htemoglobm per cent were 
determined dady before and after skm apphcation of lewisite In the 
first senes of this group a dose of 4 mg /kg was applied to the skin of five 
rabbits The mean results are shown m fig 2 The blood pressure in 
this senes can be seen to fall but slightly with Inemoconcentration In 
spite of the decreased blood volume, which generally runs parallel with 
the lisemoconcentration, the blood pressure has been maintained at a 



Fia 2 — Tho effects of skm application of lewisite 
rectal temperature, plasma urea litcmoglobm per cent 
L y r Mean of fi\c experiments 


4 mg /kg , on blood pressure, 
and bod> weight m rabbits 


fairly high level by Compensatory vasoconstnction The animal may 
thus be suffering from considerable plasma loss and fall m blood volume 
before the blood pressure falls The blood pressure » therefore, not a 

iSr — » * f “ ‘“r, K rt 

93 »0 normal as the hemoglobin per cent returned 

98 2 1 , ana re Wer and lethal dose of lewisite, 

to normal In the second 1 senes, a* ^ rabb]ts ^ results 

G mg /kg , *as apphd th ^ rflbbits the b]ood pressure and rectal 

temperature fell very "^“e^aTes*^ ^pp^rlfota" eTcen so peat 

- - — * - th - 
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drawal of fluid into the blood stream and by vasoconstriction A fall 
in blood pressure is thus an indication of very severe loss of plasma 
from the blood and is usually a sign of irreversible circulatory failure 


Table m — Lewisite, 0 mo /kg , on Skin op each Rabbit 


Rabbit 

Weight, 

kg 

Hb 

per cent 

Plasma 
urea, mg 
per cent 

Reotal 
temp , 

*R 

Blood pressure, 
mm Hg 

1 Before lewisite 

2 16 

84 

63 


82 

4 day after 

2 04 
Died 

124 

118 


03 

2 Before lowisito 

1 93 

91 

76 


81 

1 day after 

1 82 



wesm 

70 

2 days „ 

1 76 
Died 

128 


93 0 

48 

3 Before lewisite 

1 82 

94 

66 

101 6 

84 

1 day after 

1 76 

129 

113 

94 0 

62 

2 days „ 

1 70 

132 

188 

93 0 

48 

3 „ „ 

1 67 
Died 

120 

126 

93 0 

31 

4 Before lewisite 

1 84 

92 

68 


80 

1 day after 

1 76 

109 

102 

90 2 

03 

2 days „ 

1 70 
Died 

112 

180 

94 0 

67 


resulting m death In both senes it can be seen that the plasma urea 
rose, the increase being much greater m the second series than in the 
first 

The blood-pressure changes m acute experiments m dogs are descnbed 
in subsequent sections 

(b) Goats — Goats behave m a manner similar to rabbits following 
skm application of lewisite, as far as the blood and oirculatory changes 
are concerned Hsemoglobm and red-cell counts have been determined 
on a large senes, but a more complete examination has been made m a 
small group only The results are shown m Table IV Tn the two 
goats that died (224 and 255), the plasma volume was reduced by about 
50 per cent in each case, while the red-cell volume increased but slightly 
The enormous changes m the amount and quahty of the circulating 
blood produced m both these animals a state of profound shock from 
which they succumbed, despite compensatory vasoconstnction The 
blood flow m the penplieral veins appeared to be greatly decreased, as it 
was much more difficult to get blood from the jugular vein and the blood 
was much darker than m the same animal before lewisite apphcation 
The plasma protein concentration m both these animals fell, but m one 
the fall was due to a decrease m albumin, and in the other to a fall m the 
globulin as measured by the sodium sulphate method However, in all 
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Table T\ Effects of Skin Application or Lewisite in Goats 


I 

Hb 

per 

cent 

Htcma 

toent 

Plasma 
vol , 
e c 

Corp 
vol 
c e 

Total 
\ol , 
e o 

Plas 

prot 

1 Alb 

8 

per 

cent 

1 Glob 
g 

per 

cent 

NPN 

mg 

per 

cent 

] 

Goat 224 




> 







21 11 41 

04 

22 9 

1930 

670 

2500 

8 71 

3 74 

4 97 

30 


24 11 41 
Lewisite, 

50 

10 mg 

19 8 

/kg app 

2090 
lied to s 

610 

km 

2000 

7 59 

3 48 

4 11 

30 


19 hours 
later- 

126 

41 9 

980 

705 

1085 

0 34 

2 00 

4 28 

141 


Goat 255 











16 12 41 
Lewisite, 

62 

10 mg 

17 1 

/kg app 

2180 
bed to s 

460 

km 

2630 

6 92 

2 33 

4 59 

30 


20 h ours 
later 

90 

32 4 

1225 

585 

1810 

5 30 

2 32 

2 98 

66 


Goat 254 











16 12 41 
Lewisite, 

00 

10 mg 

23 5 

/kg app 

2360 
jed to s 

720 

an 

3070 

7 05 

3 01 

4 04 

40 


10 12 41 

78 

20 0 

1886 

005 

2560 

0 28 

2 62 

3 00 

39 


17 12 41 

72 

24 0 

2130 

090 

2820 

7 08 

2 48 

4 00 

43 


18 12 41 

00 

22 7 

2040 

610 

2660 

6 56 

2 41 

4 15 

39 


19 12 41 

67 

18 7 

2700 

020 

3320 

0 29 

2 53 

3 70 

49 



three goats the total amount of circulating albumin and of globulin fell 
considerably as shown in Table V This indicates that both albumin 
and globulin have left the circulation 


Table V — Total Ctroulattng Plasma Protein 


Goat 224 Before lewisite 

(J9 hours after lewisite 

Goat 255 Before lewisite 

20 hours after lewisite 

Goat 254 Before lewisite 

1 day after lewisite 

2 days „ , 

3 t » 

4 ,, >> » 


Total, 

g 

Albumin, 

g 

Globulin, 

g 

159 

73 

80 

02 

20 

42 

151 

51 

100 

05 

28 

37 

105 

71 

94 1 

118 

49 

09 

151 

53 

9S 1 

134 

49 

85 I 

109 

OS 

101 1 

1 


The plasma N P N m the first two goats rose considerably during 
the first 20 hours after lewisite application The third goat was much 
less affected than the first two, the plasma volume falling somewhat 
and subsequently recovering The general behaviour of the goat, after 
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application of lewisite to the slan is thus similar to that observed m 
the rabbit 

(n) Intravenous Injection of Lewisite Oxide — Lewisite causes a loss 
of plasma from the circulating blood, part at least of which produces 
the oedema at the site of apphcation So great is the loss of fluid from 
the blood, however, that it seems that the local oedema cannot account 
for all the fluid loss To see whether the circulating lewisite oxide which 
results from skin apphcation of leva site has any effect on the ammal, 
rabbits were given intravenous injections of 1 mg /leg body-weight of 
lewisite oxide The results of the changes m hcemoglobm per cent , red- 
cell count, plasma urea and NPN, and plasma protein concentration 
are given in fig 3 



t DATS f DATS 

LewiBito Lewimte 

oxide oxide 

Fio 3 - Tho effects of intravenous injection of lewisite oxide, 1 me Ike . on 
hremoglobm per cent .red cell count, plasma protein per cent , and plasma urea 
and NPN m tho rabbit Mean of three experiments 

A typical shock-like appearance with the blood picture of lewisite 
shock was evident In these experiments there was, of course, no local 
site of injury as after the skin apphcation of lewisite It appears, 
therefore, that the lewisite oxide affected the capillaries generally or of 
those of some organ causing a leakage of fluid from the circulation 

experiments with the intravenous injection of lewisite oxide m dogs 
will be described m the sections on lymph drainage and renal function 
These experiments on the blood and circulatory changes so far 
described, give tins picture The primary factor m the chain of events 
is the local accumulation of fluid at the site of lewisite apphcation This 
leads to a fall in the circulating plasma volume which results in lucre, o- 
concentratmn and a fall in total blood volume, and a great decrease m 
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the total circulating plasma protem, both albumin and globulin The 
decreased plasma volume causes a withdraw al of non-protein fluid into 
the circulation through the undamaged capillaries of the body m an 
endeavour to compensate for the loss of plasma This causes a fall in 
the plasma protem concentration There exists, therefore, a state of 
hiemoconcentration and hypoproteunenna -with a low plasma piotein 
concentration 

So long as the fall in the plasma volume is not too great, vaso- 
constriction compensates for the decreased blood volume (and presum- 
ably decreased cardiac output) and so maintains the blood pressure at a 
reasonably high level When the loss of fluid exceeds a certain limit 
tlus vasoconstrictive mechanism fails, and irreversible circulatory failure 
leads to the death of the ammal 

All these events can be explained by a local loss of fluid alone, but 
there are several factors which suggest that the loss of fluid may not be 
limited to the local lesion Firstly, it is known that lewisite oxide is 
absorbed from the skin after lewisite application, and that lewisite oxide 
injected intravenously causes a picture of hiemoconcentration and hypo- 
proteinamna similar to that obtained by the skin application of lewisite 
Secondly, the fall m the plasma protein concentration reduces the osmotic 
pressure m the capillaries in general and so may affect the general fluid 
exchange, and thirdly, a diminished blood flow to the tissues in general 
will cause a stagnant anoxaemia w luck also might affect the fluid exchange 

throughout the body _ 

In order to ascertain whether the capillaries in general were affected 

the lymph drainage of the body was investigated 


2 Lymph Drainage of the Body 

In these experiments, dogs anesthetized with nembutal have been 
used The doge were in the post-absorptn e state, the last meal being 

Tven about IS hours before No preliminary transfusions were gnen 
given T1 j jj ducts accessory for the experiment 

„onX,;, « 

y , ,”' , Legate then applied (the amount end site of «P| htn 
? f2 stated in each experiment) and lymph was collected for 

tion wil afterwards The volume and protein content of the 

^rletermined At ft. Z 

"mpt y s-« Shto. •*“*" » f 

luemoglobin per cent and avC rnge protein content of 

In a fairly large series of dogs the OTJ ^ tenitR | duct 

the lymph was as follows nn ^ g ^ , nnd thoraC ic duct 4 1 per 

' rns on ,,IC '" cr “ gs ■' ’ 
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cent In all the experiments with lewisite the lymph has been collected 
mainly from the lund-leg duct, the cervical duct, and the right lymph 
duct Some experiments were performed using the thoracic duct, but 
the results obtained with this duct are difficult to interpret The 
lymphatics draining into the thoracic duct come mamly from the 
abdominal viscera and the flow is very large This large lymph flow 
compared with the flow from the other mam lymph ducts is due to the 
special function of absorbing chyle If ascitic fluids are introduced into 
the peritoneal cavity, practically no change is observed m the thoracic 
duct flow [Watkins and Fulton, 1938] Thus, any increase from this 
cause, e g in peritoneal effusion, is masked by the large flow from the 
gut The protein content of thoracic duct lymph is also very high and 
approaches that of plasma A peritoneal effusion might, therefore, be 
caused with an increase in lymph flow and an mcYease in protein content, 
but these changes could be masked by the large flow of lymph rich in 
lirotein from the viscera 

The effects of lewisite on the lymph drainage in dogs have been 
investigated in three sections 

(l) The lymph draining the area of skm contamination 
(n) The lymph draining tissues other than at the site of 
contamination 1 

(m) Lymph dramage of the body in general after the intravenous 
injection of lewisite oxide m which case there is no local 
area of contamination 

( i ) Lymph Drainage of the Area Contaminated with Liquid Lewisite — - 
In this senes of experiments, one of the cervical ducts and one of the 
duots of the hind leg were cannulated m the same dog In this way 
normal lymph, coming from the head and neok, especially the nose and 
pharynx, and from the lower part of the Innd leg, was collected for about 
2 hours A small, non-lethal dose of lewisite, 2 mg /kg body-weight, 
was then apphed to the mucosa of the nose and to the skm of the hind 
foot Lymph was then collected for several hours The lewisite caused 
oedema of the nose with free fluid m the nasal cavities and oedema of the 
foot The first visual signs of oedema appeared about half an hour after 
the application 

The results of experiments m three dogs were almost identical, and 
a typical case is shown m fig 4 The lymph flow from both the cervical 
duct and the leg duct increased considerably The mean flow from the 
cervical duct m the three dogs was 2 8 c c /hr before the application 
of lewisite This flow mcreased to a maximum of 9 5 c c /hr The 
maximum flow generally occurred 2 to 3 hours after application of 
lewisite and then decreased slightly In the leg duct the mean flow 
of the three dogs before application of lewisite was 2 0 c c /hr This 
mcreased to a maximum of 8 8 c c /hr after lewisite The increased 
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flow of lymph from the local area of contamination is thus on the average 
about four times the normal flow in the stage of acute oedema formation 
The changes m the protein content of the lymph were as dramatic ns 
the changes in the lymph flow In the three dogs the mean protein 
concentration of the cervical lymph was 2 2 per cent before lewisite 
contamination This rose to a mean maximum of 4 7 per cent after 
lewisite Likewise the mean protein concentration of the leg lymph 
was 1 7 per cent before lewisite and rose to a mean maximum of 4 9 per 
cent after lewisite The actual rise in the protein concentration of the 
lymph can best be seen in fig 4, where the plasma proteins are also 



plotted In all cases both m the cervical and m the leg lymph, the 
protmn concentration rose rapidly and soon reached a fairly steady 
W which was approximately the same as the protein content of 
"rna The albumin, globulin, and total proteins m the lj mph 
after lewisite were all very similar to the concentrations m the 
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by the lymph, so the amount of oedema will depend to a huge extent on 
the lymph flow 

(u) Lymph Drainage of the Body other than the Contaminated' Area — 
In these experiments a lethal dose of lewisite, 15 ox 20 mg /kg , was 
applied to the clipped skm of the left foreleg A laige area of local 
oedema rapidly developed The ducts cannulated Mere the cervical, 
kind leg, and right lymph duct All of these ducts were draining parts 
of the body remote from the contamination 

The results of a typical experiment are shown m fig 5 The eflectb 
on the flow of the right lymph duet and left cervical duct are depicted 



t BOOTS f HOBBS f HOURS 

Lewisite Lewisite Lewisite 

tw 6 — Th a effects of skm application of lewisite, 15 mg /kg , to the left foreleg, 
on the lymph from the right lymph duet and the left cer\ ical duct in the dog, under 
nembutal anesthesia 

The effects on the lung of skin application of lewisite vary somewhat m 
different specieb In the rabbit, pulmonaiy oedema after lewisite on 
the skm is not as common as in the dog and goat When pulmonary 
oedema develops as a result of skm application of lewisite, the lymph flow 
of the right lymph duct which drains 'the lungs is very greatly increased 1 
The dog m fig 5 had a normal light lymph duct flow of about 5 c c /hr 
This increased to 30-35 c c /hi 3 to 4 hours after lewisite application 
The lymphatics nere thus diaimng a considerable amount of fluid from 
the lungs, but m spite of tins the dog died 44 hours after the application 
of lewisite with massive pulmonary oedema The rate of production of 
tissue fluid m the lung thus greatly exceeded the removal by the 
lymphatics The protein concentration of the lymph was 3 7 per cent 
before lewisite and rose to 4 9 per cent aftei lewisite As can be seen 

from fig r», this closely resembled the protein concentration of the 
plasma 
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The effect of the lewisite on the lymph from the cervical duct was 
different from that on the right lymph duct There was a slight increase 
in lymph flow, hut associated with this increased flow was a decrease in 
the protein concentration Similar results were obtamed in experiments 
on two other dogs The increased flow in this case is probably not due 
to an increased permeability of the capillaries to protein, as is the case 
with the lung lymph changes The significance of these changes will be 
discussed later 

The haemoglobin per cent rose from 100 to 164 in the 4 hours 
after lewisite, showing very rapid and considerable haemoconcentration 
The blood pressure was mamtamed m the early stages, but then fell, 
slowly at first, but towards the end very steeply Thus, as the plasma 
volume decreased, the vasoconstrictive mechanism adequately com- 
pensated for decreased cardiac output for a while, but then rapidly 


failed 

In other similar experiments, the lymph from the hind leg duct did 
not change appreciably from normal, either in flow or protein con- 
centration It is, therefore, presumed that the permeability of the 
capillaries in tins region was not altered 

(m) Lymph Drainage of the Body after Intravenous Injection of 
Lewmtc Oxide — In these experiments the cervical, hind leg, thoraoic 
and right lymph ducts have been cannulated Lewisite oxide, m doses 
of 1 or 1 5 mg /kg body-weight, was injected intravenously A typical 


result is depicted in fig 6 , , , 

This represents the effects on the right lymph duct, cervical duct, 
and hind leg duct In this dog pulmonary cedoma was very considerable, 
and associated with this pulmonary oedema eras an increase in the lymph 
How from about 1 o c /hr to 8 c c /In In the last hour when the animal 
“as becoming moribund, the How decreased The protein concentration 
f tbe lynipli rose from 3 3 per cent to 5 per cent , so that it became 

identical i that el 

Pr0 ‘rthr°e”e te o n tl.er experiments results similar to those shown ... fig 0 
wereobtained In JL such enpenmeut the lyh hou from the right 

oxide”, ad no significant effect on the 

flow or protein concentration ^^^“.rftyinc.1 of lewisite 
The blood changes in all these Uood pressure ,s 

mmtnned"^ V compensatory vasoconstriction, bn, then f.Us 

steeply until death prominent lesion after the intrnA enous 

mJ ecfron S o“e^ 0 ?sit was pulmonary mdema As the adeina 
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lapidly developed, the lymphatics draining the lungs carried away a 
greatly increased amount of lymph which resembled blood plasma m 
its composition Although the lymph flow may he increased tenfold, 
the actual amount of fluid diained is generally small coinpaied with the 
amount of excess tissue fluid produced in the lungs 

The mode of pioduction of the oedema fluid of the lungs can he 
explained by an increased permeability of the capillaries of the lungs 
to protem as in the case of the skm capillaries after lewisite application 



f HOURS -f HOURS \ HOURS 

Lewisite Lewisite Lewisite 

oxide oxide oxide 


Fio 0 — Tlie affects of intravenous injection of lowisito oxide, 1 mg /kg , on the 
lymph from the right lymph duct, right cervioal duct, and right hind leg’duot m 
the dog, under nembutal aruesthesia 

to the skm The effects of lewisite oxide on the capillaries of other parts 
of the body are not the same as on those of the lungs The reasons why 
the lung capillaries are affected may be because the lewisite oxide, when 
injected intravenously or when absorbed after skm apphcation of lewisite, 
passes through the lung capillaries before any others Bruner [un- 
published] has shown that intra-arterial injection of lewisite oxide, 
1 “g /k g , causes marked cedema of the aiea supplied by that artery 
in rabbits and dogs, but in dogs pulmonary oedema develops as after 
intravenous injection It thus appears that all capillaries of the body 
lull he affected by lewisite oxide if the concentration is great enough, 
but the pulmonary capillaries are more sensitive in dogs When 
minimal lethal doses of lewisite are apphed to the skin or of lewisite 
oxide injected intravenously, the concentration of lewisite oxide m the 
general systemic circulation is not sufficient to affect the permeability 
of the capillaries in general It, therefore, appears that the orrculatory 
changes m lewisite poisoning are due mainly to loss of fluid locally 
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and m the lungs, the effect on the lungs vaiying m different 
species of annual 

3 The Effect on Renal Function 

( 1 ) Chrome Experiments in UnancEsthetized Rabbits — It has already 
been seen that the plasma NPK and urea rise rapidly during the 
period of heemoeoncentration and fall as rapidly during the recovery 
of the blood volume to normal This rise m plasma NPN suggests a 
fadure of renal function Histologically there ig generally httle change 
m the kidney, so the disorder seems a functional one associated with the 
circulatory disturbance of shock The effects of the skin application of 
lewisite, 4 or 5 mg /kg , on the plasma N P N and urea m a number of 
rabbits are shown in Table YI It can be seen from this table that the 
changes are variable, but that in practically every case there is a rise m 
the NPN and urea 

Table VI — The Plasma N P.N aud Urea after Skin Application 

or Lewisite 
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In older to ascertain the cause of this nee m blood urea, expenuionts 
were carried out in wbicb the blood urea and the daily output of urea in 
the urine were determined before and after the skin application of 
lewisite Male rabbits were used as the experimental animal They 
were kept m metabolism cages and catbetenzed each morning to obtain 
the dady output of urine The amount of food given to each rabbit 
dady was approximately constant, but the protein content was not 
measured The exogenous protein metabolism would therefore vary 
somewhat 

Of a senes of mne rabbits, typical results are shown in figs 7 and 8 



| DAYS t DAYS 

Lewisite Lewisite 

applied applied 


Fig 7 — The effects of skin application of lewisite 4 mg /kg , on the urine 
volume, urea output and plasma urea in the rabbit 

In the experiment depioted m fig 7, the unne output decreased on the 
first day after lewisite and there was a complete suppression of unne on 
the second day The unne output then increased, but in spite of this 
the plasma urea contmued to rise rapidly until the death of the animal 
The total urea excretion during the first two days after lewisite was 
almost ml, as very little unne was bemg excreted The retention of 
unne in this case is, therefore, sufficient to raise the blood urea to about 
400 mg per cent , provided the protein breakdown contmues at the same 
rate as before lewisite This annual was very ill, and the cause of the 
suppression of urine vas probably a considerable fall in the blood 
pressure at the height of the shock This type of reaction is seen only 
in the severe and fatal cases In the less severe cases that suffer from 
considerable haemoconcentration for tv o or three days but then recover 
rapidly, complete suppression of unne is not observed A typical 
VOL XXXIV, NO 1 —1047 2 
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case is represented in fig S During the period of shock after lewisite, 
the daily output of urine falls The urine, how ever, contains a very 
high concentration of urea, sometimes as high as 6 per cent , so that 
the daily urea output actually increases In spite of this, the plasma 
urea also rises The daily urea output is often doubled, from about 
2 g /day to 4 g /day, the greatest rise being on the third and fourth days 
after lewisite application, when the animal begins to recover from the 
shock and the plasma urea begins to fall 

The increased urea output during the first week aftei lewisite 



,, g -g [l0 effects of skm application of lewisite, 4 mg /kg , on tlio mint 

1 volume, urea output, and plasma urea m tlio rabbit 


application, as represented by the hump of the curve in fig b, meaub 

1 rrreatlv increased protein breakdown This increased protein kata- 

hobsm cannot be caused by an increased protein intake in the diet, 

because the rabbits ate less during the period of shook than normally 

Tl during the period of luemoconcentration after lewisite, the protein 

breakdown is increased, but the kidneys are not able to excrete all the 

° r nUbousli they excrete a urine which contains up to 0 per 

urea formed, altuoug^^ ^ ^ ^ dammed bnck m t]le 

cen urea oausinc a rise in blood urea When the plasma volume 

“ O0d on the third and fourth day. after lewis, te, 

hegrns increases and inth this increased flu" °f nnn© tlio 

the unne „ paduaUj excreted The plasma urea 

excess urea in ‘ * t0 nornw i hunts Since the stimulus to 
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tlie protein katabobsm and therefore the urea output soon fall within 
the normal range 

Thus in lewisite shock is seen the typical syndrome associated with 
dehydration, viz oliguria, increased protein katabobsm with increased 
urea output, and a rise in blood urea The fact that the kidney oan 
concentrate urea to such an extent confirms the lack of histological 
damage and suggests that the nitrogen disturbance is mainly a functional 
one, probably a decreased circulation through the kidneys 



lio 1) — -The offects of skin application of lewisite, 7 mg /kg, on the blood 

X>resaure, bamioglobm per cent , plasma urea urine volume and urea output in 
a dog, under sodium barbitone anaesthesia 

(n) Acute Experiments m Ancesthehzed Dogs — The changes ui renal 
function and protein metabolism are best seen m the chrome experi- 
ments just described, for the changes mvolved are gradual m onset and 
take some time to develop The complete syndrome described m the 
previous section can, therefore, be seen only during an interval of a few 
days or a week Acute experiments with anaesthetized dogs have been 
performed only to investigate the very early stages, and especially the 
effects of a relatively large dose of lewisite which results m death m a few 
hours 

Investigations were, therefore, made with dogs anaesthetized with 
sodium barbitone (1 c c of a 10 per cent solution per pound body -weight, 
intravenously) Male dogs were used A catheter was passed into the 
bladdei and hourly samples of unne were collected Hourly samples of 
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blood were withdrawn from the jugular vein for the estimation of the 
haemoglobin per cent and plasma urea The blood pressure was 
recorded continuously from the carotid artery 

The effects of a non-lethal dose of lewisite are shown m fig 9 This 
experiment was followed for 11 hours after the skin application of 
7 mg lewisite/kg body-weight During this time the blood pressure 
remamed fairly constant, and the urine volume, urea output, and urea 
clearance also remamed constant m spite of a gradual luemoconcentra- 
ti°n The urea clearance Was calculated from the ratio UV/B, where 
U= urine urea concentration m mg /e c , V = volume of urine in c o /mm 
and B = plasma urea concentration mmg/cc In acute experiments of 



iio 10 — The effects of skin application of leuisito 20 mg /kg on tho 1 I 
pressure, lnemoglobin per cent , plasma protein per cent plasma urea unno voWT 
and urea output in a dog, under sodium barbitone nnicstbesia ullurK3 

this nature the time is too short to demonstrate the ohgunn, increased 
blood urea and increased urea output as seen m the clironic experiments 
With larger doses of lewisite on the skin, or with lethal doses of 
lewisite oxide intravenously, the urrne ceases to form when the blood 
pressure falls considerably A typical experiment is shown in fig jo 
I t show s the production of anuria in the severe cases of lewisite shock 
with a considerable fall m blood pressure 

In all these cases histological examination of the kidney at the end 
of the experiment showed httle damage to the glomeruli or tubules 

All these experiments support the new already stated that the effects 
on renal function are secondary to the circulatory changes, and arc not 
due to histological damage of the renal cells With a sudden largo 
outpouring of fluid resulting in a fall m blood pressure, amina may 
follow if the fall in blood pressure is sufficiently great to pre\ ent filtration 
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In tbe less severe cases tbe kidney is not able to deal efficiently with the 
excess urea formation caused by tbe increased protein catabolism, 
because of tbe decreased blood flow through the kidney resulting from 
the vasoconstriction which compensates for the decreased cardiac output 
during the state of shock 


4 Hcemolgttc Ancemia following Lewisite Poisoning 

The sudden fall in plasma volume with resultant Inemoconcentration 
is the outstanding feature during the first few days after skin application 
of lewisite Following this hsemoconcentration, the haemoglobin per 
cent and red-cell count generally fall considerably below the normal 
level (c/ fig 1) From the haemoglobin per cent and the total blood 
volume the actual amount of haemoglobin m circulation can be calculated 
These calculations have been made m the four individual experiments on 
rabbits, the mean results of which are represented in fig 1 The actual 
amounts of haemoglobin m the circulating blood before and after lewisite 
apphcation are given in Table VJLL These figures show that following 
the hsemoconcentration the haemoglobin per cent and red-cell count 
indicate a true anaemia 

Tabus VTI — The Total Hemoglobin in Grams in the Blood of Four 
Rabbets before and after Skin Application of Lewisite 
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2 
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20 4 

19 0 

16 4 

10 6 

13 9 

15 1 

1 

IQ 

20 2 

19 1 

19 1 

17 4 

18 8 

19 1 

15 8 

1 ■ 

IM2SS 

19 9 

18 8 

19 6 


18 9 


16 6 

SR9 

II 

24 3 

22 2 

21 6 


21 3 

18 4 

13 8 

■IB 

Mean 

21 2 

20 1 

ig 8 

19 2 

18 9 

16 4 

15 3 

16 0 


This anaemia was investigated further Rabbits were given skin 
applications of lewisite in doses of 4 mg /kg body-weight Blood 
changes were followed at dady intervals for three weeks The bone 
marrow was examined by means of sections stained by Turnbull’s Jenner 
method, animals being killed at intervals after lewisite apphcation for 
this purpose One group of animals received intramuscular injections 
of iron (1/8 to 1/3 c o /kg of Inject Fern BP) for fourteen days after 
lewisite contamination Blood examination included enumeration of 
red colls and reticulocytes, haemoglobin per cent , size of red-blood cells 
and study of blood smears by Jenner’s method 
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In fig 11 are shown the haemoglobin per cent , red-cell count and 
reticulocyte count m a group of three rabbits before and following a 
non-lethal dose of lewisite It can be seen that after the hsemoconcentra- 
tion there is a gradual fall m the haemoglobin per cent and red-cell count 
These values begin to increase again ten to fourteen days after the 
lewisite The reticulocytes begin to mcrease soon after the red cells 
decrease and reach a peak three days after the lowest values for red cells 
and haemoglobin are reached Abnormal red cells appear m the blood 



11 —The effects of skin application of Icrmsito 4 mg /kg , on the hiemo 
frlrthin nor cent red cell count and reticulocyte count m rabbits Mcnn of three 
giuum » experiments 

B = polychromasia stippled colls 
B =normobln8ts 


stream about the time of the most marked reticulocyte response 
Measurement of the diameters of the red cells shows that there is no 

Cha if appears, therefore, that there is a true antemia with a typical 
o+nmr hone marrow response which is responsible for replace- 
compensatory B a pr0 hable that the anremia is hemolytic m 

ment of lost to a disturbance of the bone mamm , for lnsto- 

character an “ Q f the marrow at various stages after lev, site fails 

logical exami changes m the mnrrou cefis, the reticulocyte 

to show degene ^ ^ arrow 1S quite capable of producing new 

response indicates ^ m the size 0 f the red cells are not seen 

red cells, and abno ^ not influence the course of tlie antenna 

1 J?, e „“oSm.og since m all prob.bd.ty there is no ,ro„ defic.ene, 
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The iron from tlie destruction of the red cells is probably used again in 
the production of further cells 

Other Blood Investigations 

Sedimentation Rate — The sedimentation rate as determined with 
Westergren tubes has been earned out on a series of rabbits before and 
after skin contamination with lewisite, 4 mg /kg body-weight The 
results are somewhat variable In one senes of six animals there was 
little increase in the sedimentation rate following lewisite, while m a 
second senes of four animals the increase was appreciable corresponding 
noth the penod of anaemia 

Corpuscular Fragility — In view of the anaemia that develops after 
the penod of lisemoconcentration, the fragility of the corpuscles was 
determined m a senes of rabbits before and after skin contamination 
with liquid lewisite No significant changes were observed 

Coagulation Time — Investigations m rabbits showed that this did 
not change following lewisite contamination 


Discjttssion 

Site of Action of Lewisite 

(a) Local — When liquid lewisite is applied to the skm of animals, a 
central area of necrosis surrounded by an area of erythema rapidly 
develops In the skm and the subcutaneous region surrounding the site 
of apphcation, excess tissue fluid accumulates The tissues, including 
the capillaries, in the central area of the lesion are killed, but surrounding 
this area, the capillaries are affected m such a way as to allow a rapid 
increase in the formation of tissue fluid There is probably a gradation 
m the damage done to the tissues, descending m degree from the centre 
towards the periphery of the lesion, beyond which the capillaries are 
normal It is this damage to the capillary membrane that is of such 
importance in the sequence of events that follow skm contamination 
with lewisite 

The degree of damage to the capillary membrane can be seen in the 
experiments on the lymph drainage of the contaminated area The 
protein content of the lymph coming from this region soon reaches the 
level in the blood plasma The capillary permeability is, therefore, 
increased so as to allow the free passage of the plasma proteins, the 
concentration of both albumin and globulin m the lymph rising to the 
same level as m the plasma This indicates that the capillary filtrate 
is identical with plasma, since, the concentration of protein m the tissue 
fluid and plasma bemg equal, there can be httle or no reabsorption of 
fluid into the local capillaries The only drainage of the oedema fluid 



24 


Cameron, Courtice and Short 


will, therefore, be by way of the lymphatics, and althongh the lymph 
flow increases greatly, the production of oedema fluid proceeds at a much 
greater rate than the removal 

(6) General — Some of the lewisite applied to the skin is absorbed into 
the blood stream as lewisite oxide It has also been seen that lewisite 
oxide injected mtravenously into animals will also cause a loss of fluid 
from the blood It therefore appears that in lewisite contamination of 
the skm, the local oedema is not the only loss of flmd from the blood 
stream 

The problem of this general loss of fluid was exammed by a study of 
the gross pathology and of the lymph drainage of the bodj r Gross 
oedema other than at the site of apphcation vanes somewhat m different 
species of ammal and also in individual animals of the same species In 
the dog and goat pulmonary oedema and pleural effusion are more 
marked than in the rabbit Pentoneal effusions sometimes occur also, 
but are not so great as the pulmonary mclema often observed in the dog 
Many rabbits showed no macroscopic signs of pulmonary oedema, and 
even after very large and repeated plasma transfusions the lungs of 
rabbits appeared normal with a normal lung/heart ratio The muscle 
and skm which form the bulk of the soft tissues of the body do not 
appear to contam an increased amount of tissue fluid 

The investigation of the lymph drainage of various regions of the 
body was undertaken to ascertain the state of the capillaries in general 
The results of these experiments mdioated that the only capillaries with 
an increased permeability were those of the lungs The damage to the 
lung capillaries vas such as to render them freely permeable to the 
proteins so that pulmonary oedema ensued The lung capillaries are 
probably more easily damaged because the absorbed lewisite oxide first 
passes through the lungs, but this is not the entire explanation since 
Bruner showed that m dogs after intra-arterial injection of lewisite 
oxide, pulmonary oedema often develops as veil as oedema in the region 
supplied by that artery It appears, therefore, that the lung capillaries 
are more easily damaged by lewisite oxide than capillaries m the rest of 

the body 

Effects of Flmd Loss on Blood and Circulation 


The loss of fluid from the circulation has been seen to produce shock 
m th L «nd »ympK>™ Binder to those produced by thcrmol bom. 
The primary change „ the fell m plasma y lume A, tin, progresses 
iS vasoconstriction maintain, the blood pressure for a tunc, 
compensator) fal j s st ,U further this compensatory mechanism 

but as the pla: T J^ S8ure falls In those animals » * Inch the blood 
fails and the bloo P death a ] mos t im nnably results Thus, as m 
pressure falls ^ Umoconccntration is a much better guide to 

elriy Eta than » the blood procure Another good indication of 
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the degree of shock m rabbits is the body temperature which falls as the 
haemoglobin per cent rises 

The experiments described indicate that lewisite shock is funda- 
mentally similar to shock produced by thermal burns although m the 
latter the loss of fluid is probably local only and the onset of cedema is 
much more sudden than with lewisite The blood and circulatory 
changes m both cases are, however, similar, so no detailed discussion of 
these phenomena m lewisite shock is necessary 


Effects on Renal Function awl Nitroqen Metabolism 

In lewisite poisoning the loss of fluid from the blood results m an 
oligsemia, and the animals in all cases become very thirsty If the fall 
in plasma volume is great enough to cause a substantial fall m blood 
pressure, urinary secretion ceases The effective pressure in maintaining 
filtration in the renal glomeruli is the balance between the capillary 
pressure and the osmotic pressure of the plasma proteins With a fall in 
artenal pressure it does not follow that the capillary pressure must also 
fall, but it seems probable that with a large fall in artenal pressure, the 
capillary pressure will also fall When this pressure is exactly balanced 
by the osmotic pressure of the proteins in the plasma, mine will not be 
formed In most cases of lewisite poisoning slight albummuna occurs 
but the concentration of albumm m the urine is very small compared 
with that m the plasma Therefore the concentration of albumin m the 
glomerular filtrate will not be sufficient to alter to any appreciable extent 
the effective osmotic pressure of the plasma proteins It has been seen 
in acute experiments m dogs that urine secretion ceases with a con- 
siderable fall m blood pressure In these cases death usually follows 
rapidly 

The changes m the less severe, non-lethal cases are of more interest 
During hoemo concentration the urinary volume falls, but the urea 
concentration m the urine increases to such an extent that the daily 
output of urea is increased The plasma urea increases at the same 
time As soon as the anhydrsemia is overcome and the plasma volume 
restored to normal, the disturbance m nitrogen metabolism ceases 

Similar changes have been observed m excessive water loss from 
many causes, such as vomiting as m intestinal obstruction and diarrhoea 
as in dysentery or cholera [cf Marriott, 1923] Mackay and Maokay 
[1924] have combmed complete starvation with intravenous injections 
of sucrose to produce rapid anhydrEemia This led to an increased urea 
excretion m the urine and a rise m blood urea They ascribe this 
increased protein metabolism to an increased tissue catabolism resulting 
from dehydration By waters and Popjak [1942] have also described 
an increased tissue breakdown with increased urea formation in con- 
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rabbxte ° f Sh ° Ck Pr ° duCed by com P re ssion and release of the thigh m 

r , In ad , tbese C0ndlfcl0ns > fluid loss from the blood is a common 
factor It therefore seems that the increased protein catabolism can 

mtheT than faf The b^kdown of mnscle occurs 

rather than fat, because more water is liberated Calorie for calorie 

the intrinsic water hberated by the combustion of protein and fat s 
about the same, but the extrinsic water hberated is very much greater 
m the case of muscle tissue, which contains 75 per cent wate/m the 
rabbit, than in the case of fat 1 m tJie 

This increased urea formation throws an extra burden on the kidney 
at a time n hen this organ is trying to conserve water The kidney 
secretes a highly concentrated urine with a urea percentage up to 6 per 
cent , in an endeavour to retain water and at the same time get nd of 
excess urea This suggests that the power of the tubules to concentrate 
the glomerular filtrate is not inhibited In spite of this increased urea 
output the plasma urea rises, which indicates that the filtration of 
p asma by the glomeruli cannot be increased sufficiently, probably 
because of a decreased blood flow through the kidney due to vaso- 
constriction u 


Secondary Ancerma 

It Ims been noon that alter le™,te slock there 18 an actual decrease 
in the amount of circulating hiemoglobm Tics anicmia , s most marked 
about seven days after lewisite application and is followed by a reticulo 
cyte response and a subsequent return to normal The oause of the 
anaemia appears to be a destruction of some of the circulating red cells 
as the bone marrow shows no histological change ° ' 1 

It may be that the circulating lewisite oxide is the destructive agent 
but it seems more probable that the antenna is non-specific resulting 
from the anhydrtemia Marriott [1923] m a review of anhydrtcmia 
states that in this condition red-blood cells are destroyed and antenna ^ 
evident when the blood volume is restored to normal In thermal burns 
secondary antemia often results, but the cause is at present contro 
versial [ cf Harkins, 1942] Since, m all these cases of anhydramna 
an'emia is often seen, it is probable that the secondary antenna of 
lewisite poisomng is not due to the specific action of lewisite, but to the 
anhydr'emia itself 


Summary 

The effects on the water balance of the bod\ when lewisite is ap p i )ec j 
to the skin of annuals ha\e been linestigated using rabbits, goats, and 

dogs 
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Sian appkcation of bquid lewisite causes vesication in man, and in 
animals a central area of necrosis surrounded by an area of subcutaneous 
oedema Some of the lewisite is absorbed into the blood stieam and 
circulates as lewisite oxide 

Experiments on the composition and flow of lymph in dogs show 
that the skm capillaries at the site of application of lewisite 
are rendered freely permeable to the plasma proteins Local oedema, 
therefore, results because the osmotic effect of the plasma proteins is 
neutralized by the same concentration of proteins in the tissue fluid 

In dogs the lung capillaries are also often rendered freely permeable 
to the plasma proteins, after a lethal dose of lewisite on the skm, with 
resultant pulmonary oedema and a great increase m lymph flow from 
the right lymph duct Elsewhere m the body the study of the lymph 
does not show any increased permeability of the capillaries 

The effect of the fluid loss from the circulation is primarily 
a fall m plasma volume This causes haimoconcentration, as is 
evident from a rise in the haemoglobin per cent , red-cell count, and 
heematocnt, a fall in the plasma protein concentration ivitk hypo- 
proteinamua, a fall in rectal temperature, and if the fluid loss is great 
enough, a fall m blood pressure This picture of shook is similar to that 
seen in thermal bums 

Associated with these oirculatory ohanges are changes m renal 
funotion and nitrogen metabolism With a substantial fall in blood 
pressure, urine secretion ceases In less severe cases the syndrome 
associated with anhydramia is observed, viz oliguna, increased daily 
urea output and increased plasma urea This means an increased 
endogenous nitrogen metabolism with breakdown of muscle tissue, 
which liberates more water than would the oxidation of fat 

The period of hsemoconcentration is followed by one of ansemia, the 
actual amount of circulating hsemoglobin falling considerably This 
ansemia is at its peak about seven to ten days after lewisite apphca- 
tion and is probably due to destruction of red cells as a result of the 
anhydrsemia It is followed by a reticulooyte response and recovery 
to normal m about two weeks The administration of iron does not 
affect the course of the ansemia 

Our acknowledgments are due to the Director-General, Scientific 
Research and Development, Ministry of Supply, for permission to 
publish this investigation We are also greatly indebted to Professor 
J M Yoffey for teaching one of us (F C C ) the technique of 
lymphatic cannulation 
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ATROPHY OF THE SUPRAOPTIC AND PARAVENTRICULAR 
NUCLEI AFTER INTERRUPTION OF THE PITUITARY 
STALK IN DOGS By W J O’Connor From the 
Pharmacology Laboratory, Cambridge 

{Received for publication 16th January 1940 ) 

Fisher, Ingram, and Ranson [1935] found that in cats most of the 
cells of the supraoptic nuolei had entirely disappeared some months 
after removal of the posterior lobe or section of the supraoptioo- 
hypophyseal tracts, and later Magoun and Ranson [1939] m the monkey 
and Rasmussen [1939] m the dog and rat counted the cells m the supra- 
optio nuclei of normal animals and of animals after section of the 
pituitary stalk, each finding after operation less than 20 per cent of 
the normal number of cells 

The characteristic cells of the paraventricular nuclei resemble 
those of the supraoptic nuolei, but cells of different types are inter- 
mingled and the margins of the nucleus are not well defined, so that its 
atrophy is difficult to establish Fisher, Ingram, and Ranson [1935], 
Ingram and Fisher [1936], Magoun and Ranson [1939], Hembeoker and 
White [1941], and Rasmussen [1939] have thought that they could 
detect slight or moderate atrophy of parts of the paraventricular nuclei 
after section of the pituitary stalk, but cell counts by Piokford and 
Ritclue [1945] indicated much atrophy In tins paper counts are 
reported of the cells of the supraoptic and paraventricular nuclei of 
normal dogs and of dogs submitted to operative procedures to interrupt 
the hypophyseal tracts, atrophy occurred m both supraoptic and 
paraventnoular nuclei 

Hembecker and White [1941] submitted dogs to various operative 
procedures in the region of the hypophysis and hypothalamus, estimated 
the number of cells remaining m the supraoptic nuclei from an examina- 
tion of a few typical sections, and claimed a correlation between the 
degree of diabetes insipidus and the extent of the atrophy of the nuclei 
— i e the fewer the residual cells, the greater the polyuria The data 
presented in this paper do not confirm the claim of Hembecker and 
White 


Material and Methods 

Material — Cell counts were made m the following operated bitches 

(1) Four anmiak m w luck the supraoptico-kypophyseal tracts had 
been cut by the operation described in a previous paper [O’Connor, 

29 
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1046], where a full description is given of the extent and results of the 
lesion in these animals 

(2) Five animals from which the posterior lobe had been removed 
leaving the pituitary stalk, as described by O’Connor and Yerney [1942] 

(3) Four animals m which an attempt was made at a second opera- 
tion to section or destroy the median eminence after the posterior lobe 
had already been removed, one animal m which extensive destruction 
of the median eminence resulted from the attempt to remove the 
posterior lobe, and one in wlnok removal of the posterior lobe was 
incomplete Where reference is made to these animals the post- 
mortem findings will be specifically given 

Counts were made in control bitches of the same weight range as 
the operated animals 

Method of Cell Counting — The animals were killed by bleedmg from 
one carotid under chloralose or chloroform and ether anaesthesia, and 
sodium chloride (0 9 per cent ) was infused into one or both carotid 
arteries through cannulai pointing towards the head until the effluent 
from the jugular vein was clear of blood, then about 1 htre of fixative 
(40 per cent formaldehyde 6, glacial acetic acid 6, alcohol 72, water 18) 
was run mto the carotid arteries The hypothalamic and pituitary region 
was dissected out, embedded in paraffin and cut m serial frontal seotions 
of 10 p thickness Two or three senes of sections were retamed from 
each animal, every tenth section from the block being mounted in each 
senes, sets were stained with haunotoxykn and eosin, toluidine blue, 
and by the Bodian [1936] method for nerve fibres 

The cells of the supraoptic and paraventricular nuclei were counted 


under the high power of a binocular microscope using an ocular disc 
in one eyepiece to give a square field, so that with a mechanical stage 
it was possible to scan systematically the whole area of the nucleus in 
auy one section Also the field was subdivided by the disc into smaller 
squares to facilitate the counting A high dry objective (magnification 
x450) enabled cellular detail to be recognised and only those cells 
showing a nucleolus were counted A count was made m each section 
of the mounted senes (every tenth section from the block) so that the 
•um of the individual counts represented one-tenth of the total numbei 
V cells in the whole nucleus A small error is introduced by the possi- 
1 1 tv that the knife may split the nucleolus m some cells , a cell so 
id d v ould appear in two consecutive sections of the serial sections 
C y the -present count is made in a one-tenth sample This source 

of enor has been investigated by Jones [1937] and found to be less than 


3 per cent celIs of the supraoptic and paraventricular 

Characteristically, material at the periphery leaving 

nuclei are large and have scanty ^ ^ ^ ^ ^ £ 

the Actions C whether stained with toluidine blue or luemotoxylin and 
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eosm, many cells showed no Nissl material, although their size, the 
eccentric position of the cell nucleus, and their situation m the area 
of the supraoptic or paiaventncular nucleus clearly indicated that they 
were of the same nature as adjacent cells showing Nissl material at the 
periphery Cells in the region of fhe supraoptic and paraventricular 
nuclei and showing a nucleolus were, therefore, included m the count 
unless much smaller than the typical cells or unless Nissl material was 
present in the region of them cell nucleus or throughout the cytoplasm 
There was no difficulty in determining the margins of the supra- 
optic nucleus even m operated animals with much atrophy, but greater 
difficulty was encountered with the paraventricular nucleus, where in 
some animals cells of the same type as those of the supraoptic and 
paraventricular nucleus extend m close relation to blood vessels from 
the region of the anterior part of the supraoptic nucleus towards, and 
sometimes join, the anterior pole of the paraventricular nucleus These 
were always excluded from the count, but the anterior margin of the 
paraventricular nucleus was then ill-defined Also there is an inter- 
mingling of the typical cells with smaller cells of the penventnoular 
system, and in its posterior and lateral aspect the nucleus merges into 
the posterior hypothalamic area which has large cells but with Nissl 
material throughout the cytoplasm Consequently, the margins of the 
paraventnoular nucleus were less easdy defined and cells of doubtful 
morphology were more often encountered 

Several precautions were taken in endoavourmg to control the 
subjective errors Pmstly, duplicate counts wore made m some animals 
using sections stained with toluidine blue and with lisemotoxyhn and 
eosm, the method of staining did not affect the result Secondly, 
counts were made in the same animal at intervals as long as two years 
Thirdly, since the ann was to estimate the atrophy produced by operative 
piocedures, the sections from operated dogs Mere examined alternately 
with sections from normal animals so that any differences in the counting 
v ould tend to affect each class equally In the normal animals, duplicate 
counts of the cells of the supraoptic nuclei differed by less than 6 pei 
cent and in the operated animals by less than 8 per cent The greater 
difficulties m the counting of the cells of the paraventricular nuclei were 
reflected m less accurate agreement of the dupheates, m normal dogs 
the difference n as always less than 15 per cent and m the operated 
dogb less than 20 per cent The figures given in Tables I, II, and III 
aie the means of the duplicate counts 

Results 

formal Bogs Table I presents the results in six unopeiated 
animals the total cells of the supraoptic nuclei of the tno sides varied 
beta eon 64,200 and 93,000, the average being 84,900 cells Rasmussen 
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[1939] made similax counts and m normal dogs found 
cells m tlxe supraoptic nuolei on each side, figures which 
range encountered m the present senes 


35,000-41,000 
are within the 


Table I —Cells in the Supraoptic and Paraventbiculab Nuclei 
of Normal Dogs 


\\ eight 

(kg) 


16 * 


11 


16 


11 


10 


Anterior 


24,200 

23,400 


19,900 

19,700 


20,000 

20,000 


10,900 

14,300 


17,200 

17,600 


24.400 

22.400 


Supraoptic nucleus 


Posterior 


20,000 

24,000 


24,000 

22,600 


23,500 

22,000 


27,700 

29,400 


14.200 

15.200 


22,900 

23,300 


* Dog, all other animals -were bitches 


Total 


44,200 

47,400 


91,000 


43,900 

42,200 


86,100 


43 500 
42,600 


86,100 


44,600 

43,700 


88,300 


31,400 

32,800 


04,200 


47 300 
45,700 


93,0U0 


Pamventncular 

nucleus 


8,100 

8,300 


16,400 


9,400 

10,200 


19,600 


9,000 

9.S00 


19,400 


5,900 

5,900 


11.SO0 


7,100 

6,400 


13,600 


9,600 

10,600 


20,100 


In this and in Table II, m each column the top figure of the drip * ,, 

left side, the bottom to the right 16 pa,r ref «» to tho 


In the dog the supraoptic nueleub is clearly divided into antenoi 
and postenor portions separated by the optic chiasma and traot the 
antenor part is a compact mass of cells of the typical morphology lying 
at the ventral surface of the hypothalamus closely applied to tho lateral 
edge of the optic chiasma and optio tract, while the posterior part is 
less compact and lies medially and behind the optic tract, between that 
structure and the fold of the floor of the third -ventricle which forms 
the anterior wall of the pituitary stalk Very few cells were found 
forming a connecting baud across the upper surface of tho optic tract 
so that the two parts could be counted separately There were usually 
more cells m the diffuse postenor part of the nucleus (average, 22,400 on 
each side) than in the compact antenor part (aierage, 20 , 000 ), although 
the proportions in the two parts vnncd m rndnidual annuals 
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» 

The paraventricular nuclei of the six normal animals contained 
between 11,800 and 20,100 cells morphologically similar to the cells 
of the supraoptic nuolei, and the average was 10,800 on the two sides 
I am aware of no other counts of the ceils of this nucleus, except that of 
Pickford and Ritclne [1945], who found 44,000 cells in the paraventnoular 
nuclei of one dog 

Doga from winch the P osier m Lobe had been Removed — The supra- 
optic nuclei of the tu o sides in three dogs killed four months after post- 
hypophysectomy contained 18,700, 20,900, and 20,900 cells (Table II), 


Table II — Cells in the Supraoptic and Paraventktculab Nuclei 
of (Iterated Dogs 



Dog 

Weight 

(kg) 

Days 

after 

opora 

tion 

Supraoptic nuclous 

Para 

ventnoular 

nucleus 

Anterior 

Posterior 

Total 

J 1 

Tamm 

11 1 

1 

HO 

4,1500 ' 

5,300 

9,800 

2,400 





4,000 

4,900 

8,900 

2,400 

1 


1 


j 


18,700 

4,800 

1 

Boxer 

10 1 

130 

0,000 

4,000 

10,000 

3,400 





6,200 

4,700 

10,900 

2,700 







20,000 

0,100 

Remo\ al 

Cinilera 

H 

140 

4 800 

5,000 

10,400 

2,400 

of the postcnoi 




4,800 

5 700 

10,500 

2,200 

lobe 






20,000 

4,600 


Sm 

10 i 

42 

10,700 

8,600 

19,200 

5,200 





10,300 

8,000 

10,300 

5,100 



J 




38,000 

10,300 


Sail} 

21 j 

51 

6,200 

4,100 

10,300 

3,600 



1 


6,200 

4 600 

10,800 

1,400 







21,100 

8,000 


Span 

10 

110 

2,300 

1,400 

3,700 

2,100 





4,100 

3,500 

7,600 

2,200 







11,300 

4,300 


! Tanner I 

1 9 

01 

3,600 

3,000 , 

7,200 

1,000 

Section of the 

| 

I 


1,700 

1,700 

3,400 

400 

hypothalami eo 


1 




10,600 

1,400 

hypophyseal 








tracts 

1 Hobo 

f 12 

127 

2,700 

2,700 

5,400 

1,000 


1 



4,000 

3,900 

7,900 

2,300 


j 

1 




13,300 

3,000 


J Tanner I 

10 

121 

i 2,800 

1,900 

: 4,700 

1,500 


1 



4,800 

1 3,300 

, S,100 

2,200 


f 

\ 

- _________ 



] 

! 12,800 

3,700 


the avciage being 20,200, oi 24 per cent of the number found m normal 
annuals In cad, animal the counts from the two sides dul not differ 

^ ^ ,an P er cen t > so that loss of cells occurred equally on each 
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side Atrophy occurred in both anterior and posterior parts of the 
nucleus m the three animals after post-hypophysectomy an average 
of 5100 cells (25 per cent of normal) -were found on each side in the 
anterior part of the nucleus and 5000 (22 per cent of normal) m the 
posterior part 

Each of the above animals was allowed to suivive at least four 
months after opeiation, but material was also available from two 
ammals lolled 42 and 51 day's after removal of the posterior lobe (“Sin” 
and “Sally” m Table II) The supraoptic nuclei of “Sin”, killed 42 
days after removal of the posterior lobe, contained 38,500 cells, clearly 
more than weie found after post-hypophysectomy but with longer 
survival periods, m “Sally” 21,100 cells were present 51 days after 
removal of the posterior lobe It appears then that disappearance of 
damaged cells may not be complete m ammals killed soonei than 50 days 
after section of the pituitary stalk, and all other observations recorded 
in tins paper have been m animals allowed to survive at least three 


months after operation 

The nuinbei of cells of the chaiacteustic moipliology in the paia- 
ventnculai nuclei was also reduced by removal of the postenoi lobe 
(Table II), m the tlnee animals killed four months aftei post- 
hypophysectomy 4800, 6100, and 4600 cells were found on the tuo sides, 
the average being 5200, or 31 pei cent of the mean foi the six control 
animals After removal of the postenoi lobe the appeaiance of sections 


through the hypothalamus in the region of the paraventncular nuclei 
uas deceptive Many cells aero still present, particularly at the 
postenor end of the nucleus, and m examination under lov magnification 
these ajipeared to be cells of the p>aravontncular nucleus In the 
counting under high pouei, liouevei, it uas seen that the Nissl matenal 
of these cells extended throughout the cytoplasm, showing them to bo 
cells of the postenor hypothalamic area and not residual cells of the 
paraventncular nucleus The counts shoved quite clearly that removal 
of the postenor lobe caused gross loss of the typical cells of the para- 
ventncular as well as of the supraoptic nuclei 

Dogs in ivluch the Supraoplico-Hypopliyseal Tracts had been Cut — 
T each of four ammals submitted to the operation of section of the 
supraoptico-hypophyseal tracts desenbed by O’Connor [1940], there 
was ereatei loss of cells from the supraoptic nuclei than after removal 
nf thenostenor lobe, the figures being also gn en m Table II Whereas 
L JLnval of the postenor lobe the average nuinbei of cells in the 
after rem J hc tvo sides vas 20,200, in the animals killed 

supraoptic n " c after trnct section 10,000-13,300 onlv wore found 

three to fo™ ^ ^ 14 l)er cent of the number of cells m normal 

the average bei g ^ scct]on of the pituitary stalk, Rasmussen 

animals In dog P cent of tll0 normal number of cells of the 

m rots “ bm,t -° I ’ cr ^ 11,0 '" onk0J ■ 
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Magoun and Ranson [1939] found 29 per cent of supraoptic cells left 
after stalk section and 18 per cent after interruption of the supraoptico- 
hypophyseal tracts more centrally m the median eminence 

In normal animals and aftei lemoval of the posterior loke, the 
number of cells m the supraoptic nuclei of the two sides m the same 
annual did not diffei by more than 10 per cent (Tables I and II), but 
after tract section greater differences were observed which correlated 
well with the nature and site of the lesion Thus, m “Tanner II” 
the section as described m detail by O’Connor [1946] was incomplete 
on the right side and more cells survived m the right supraoptic nucleus 
than in the left (Table II) Always more cells survived on the side 
where the section was less complete, Magoun and Ranson [1930] report 
similarly on the results of incomplete sections of the stalk in the monkey 
Separate counting of the cells of the anterior and posterior parts 
of the supraoptic nucleus revealed, as after post-hypophysectomy, a 
somewhat higher peicentage of surviving cells m the anterior part of 
the nucleus In the anterior part of the nucleus in the four animals 
an average of 3200 or 16 pei cent of normal remained, and m the posterior 
part 2800 or 12 per cent of normal 

There was also a greatly reduced nuinbei of oells m the para- 
ventnculai nuclei m the four animals aftei tiact. section Again the 
large cells w ith uniform distribution of Nissl material remained at the 
posterior pole of the nucleus, but care was taken to confine the count 
to cells of the morphology characteristic of the supraoptic and para- 
ventricular nuclei, and only 1400-4300 such cells were found in the 
paraventricular nuclei after tract section The average was 3300, 
20 per cent of the number found in normal animals 

Daily Unne Volume and Residual Cells of the Sujiraoptic Nuclei 
after Operations in the Pituitary Region — Prom time to time before and 
after operation the animals were kept m metabolism cages and the 
daily unne volume measured Each observation was made over a 
penod of at least five days, and during a period of collection the annual 
Mas maintained on a standard diet of 8 oz dog biscuits or with some 
animals 8 oz dog biscuits and 4 oz raw meat daily Water was allowed 
ad libitum The post-operative unne volumes charted m Table III 
are the average of observations made during the penod from the end 
of the fourth week after operation until the animal was lolled m the 
fourth post operative mouth, and are expressed as a percentage of the 
daily unne volume (usually about 200 c c ) of the individual animal 
under identical conditions before operation Thus any temporary post- 
operative polyuna is excluded, and column 2 of Table III gives the 
extent of the permanent polyuna whioh resulted from the lesions 
desenbed in column 4 In column 3 is given the number of cells which 
m ere found in the supraoptic nuclei tliree months or more after operation 
The data are arranged in oidei of seventy of the polyuna, and it is 
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Table III 


Dog 

Daily 
urme 
volume, 
6th-20tii 
weeks 
after 
operation 
(pei cent 
of 

normal) 

Residual 
cells in 
supra 
optic 
nuclei 

1 Flossie 

540 

11,700 

2 Nigger 

490 

9,900 

3 Hobo 

450 

13,300 

4 Span 

230 

11,300 

G Taimoi 11 

200 

12,800 

(S Little Black 

190 

0,000 

7 Towser 

180 

4,100 





Operation and post mortem findings 


Attempted removal of the posterior lobe 
Complete loss of pars nervosa and stalk 
and extensile destruction of median 
eminence Onl\ a fragment of pars 
imtonoi and no pars intermedia loft 

Post hypophyscclomy urn! subsequent truel 
section Loss of pars nerv oba and exten 
sue destruction of median ommence 
Detached and atrophied stalk ending in 
relation to small residue of pars inter 
media and pars antenor (each about 
1/lOtli of normal size) 

Complete trait section with citcnsnc dcstnu 
tion of median eminence Pars nervosa 
and stalk atrophied pars mtomicdia 
and jiars antenor normal 

Nearly complete tract section Stab wound 
in median eminence Pituitary findings 
as for Hobo 

Nearly complete tract section Stab w ound 
m median eminence Pituitary findings 
as for Hobo 

Post hypophysccloiny and subsequent tract 
section Loss of pais nervosa and stab 
wound m median ommenre Stalk 
atrophied but contains a few nerve 
fibres About half of pnrs nntorior 
intact but onlv traces of pars intermedia 

Post hypophyscctomy and subsequent tract 
section Loss of pare ntrv osa and exton 
wve wound m median enunenco Stalk 
atrophied and ends in relation to remains 
of pars anterior (about ]/0th of normal) 
Trace onlv of pare intermedia 
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Table III — continued 


\ 

Dor 

Dail\ 
urine 
volume, 
5th-20th 
veeks 
after 
operation 
(per cent 
of 

normal) 

Residual 
cells in 
supra 
optic 
nuclei 

Operation and post mortem findings 

8 Tarzan 

150 

18,700 

Removal of postenor lobe No pars ner 
vosa stalk intact but shrunken About 
l/3rd of pars anterior intact but no pars 
intermedia 

9 Boxer 

140 

20,900 

Removal of postenor lobe Findings os for 
Tarzan 

10 Tanner I 

130 

10 600 

Incomplete tract section Pars nervosa and 
stalk atrophied but contained man} 
nerve fibres Pars intermedia and pars 
nntenor intact 

1 1 Cinders 

130 

20,900 

Removal of postenor lobe Findings as for 
Tarzan 

12 Spick 

1 

1 

1 

1 

90 

9,200 

Post hypophysectomy and subsequent tract 
section Small unilateral stab wound m 
median eminence No pars nervosa 
Stalk atrophied but contained some 
nerve fibres Only traces of pars inter 
media and pars anterior 


apparent that there is no correlation with the number of surviving 
cells of the supraoptic nuclei Hembecker and White [1941] plotted a 
curve showing increasing polyuria with decreasing number of cells m 
the supraoptic nuclei, but it is based on estimates rather than counts 
of the number of nerve cells In Table IH no such relationship can be 
discerned even if comparison is made between animals with similar 
lesions thus fewer cells remained m the supraoptic nuclei of “Tanner I ” 
than m ‘Hobo” with a much larger polyuna, and a similar discrepancy 
is observed when the findings in “Spick”, “Towser”, and “Nigger” 
are examined 


Discussion 

It is firmly established that the axons of the cells of the supraoptic 
nuclei pass along the pituitary stalk to the pars nervosa, the origin 
of the fibres m the stalk from the supraoptic nuclei has been demon- 



38 


O’Connor 


strated m silver sections [Pines, 1925, Grevxng, 1928], and retrograde 
degeneration in the supraoptic nuclei following lesions of the stalk or 
pars nervosa is well established Recent reviewers [Clark, 1938, 
Ingram, 1939] have accepted that the paraventricular nuclei also 
contribute fibres to the stalk Grevmg [1928] was able to follow axons 
from the paraventricular nuclei ventralwards to the region of the supra 
optic nuclei, but was unable to trace them further mto the median 
eminence and pitmtary stalk In the absence of counts of the cells 
of the nucleus, retrograde degeneration m the paraventricular nuclei 
following lesions m the stalk or posterior lobe has not hitherto been well 
established, so that the acceptance of the passage of fibres from the 
paraventricular nuclei to the posterior lobe has not been based on 
strong direct evidence The counts reported in this paper and those of 
Pickford and Ritchie [1945] demonstrate conclusively loss of cells fiom 
the paraventricular nuclei after section of the pituitary stalk, aftei 
tract section in the tuber einereum there remained 20 per cent and after 
removal of the posterior lobe 31 per cent of the normal number of cells 
in the paraventricular nuclei of morphology similar to that of the cells 
of the supraoptic nuclei (Table II) The detailed post-mortem examina- 
tion of the hypothalamus of ammals from winch the posterior lobe had 
been removed revealed no damage to the hypothalamus either directly 
or as the result of interference with the blood suppty Similarly, in 
each dog after tract section the lesion uas quite clear of the para- 
ventricular nuclei, and the absence of glial reaction and of obvious loss 


of cells of different morphology adjacent to the posterior pole of the 
paraventricular nuclei indicates that the atrophy v as not a direct effect 
of the lesion There appears no doubt that retrograde degeneration 
of the cells of the paraventricular nuolei does occur after section of the 


pitmtary stalk, and it folio v s that axons of cells of the paraventricular 
as well as of the supraoptic nuclei contribute to the mass of non- 
medullated fibres passing m the pitmtary stalk from the hypothalamus 
to the pars nervosa of the pituitary Since in normal dogs there are 
16 800 cells of the paraventricular nuclei and S4,900 of the supraoptic 
nuclei, approximately one-sixth of the fibres of the pitmtary stalk may 
arise from the paraventricular nuclei 

The factors determining survival or disappearance of a nerve cell 
following section of its axon are not clear and no parallel experiments 
have been found in the literature In examining the results of tlus 
“ _ a correlation is suggested uhen the number of sumving cells is 
P P l w i m relation to the distance of the section from the nuclei, 
considered m rent ^ Removll of tbe posterior lobe interrupted the 

83 1S nfo U f the hypothalamico-hypophysenl tracts at B about 3 mm distal 
axons of the yp n of trflct sectl0 ii (betu een AA in fig l) At tho 

to the site of the avernge percentage number of the residual 

U f the supraoptic nuclei three to four months after operation m 
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each case and more cells lemained after the more distal section, as was 
also found by Magoun and Ranson [1939] In one animal “Scotty”, 
weight 7 kg , where the lemoval of the posterior lobe was incomplete, 
a mass of pars nervosa remained in connection with the undamaged 
pituitary stalk, so that the Ime of section was approximately that of 
C m fig 1 In this dog 34, COO cells (41 pei cent of normal) remained m 



Fig 1 — A diagrammatic midlme section of the hypothalamic rogion of a normal 
dog OC optic clnasma PN, pars nervosa , PA pars anterior V, third \ entriclo 
PV is the projection of the paraventricular nuclei on to the midlme plane, SOA and 
SOP the similar projections of tho anterior and posterior parte of the supraoptic 
nuolei The lines AA Bhow tho site of the lesion produced by the operation of 
tract section, B the site of the rupture of the stalk m removal of the posterior lobe, 

C the line of section in “Scotty” where the removal of the posterior lobe was 
incomplete The figures at the foot of the frame give the average number of cells 
found m all parts of the supraoptio nuclei after each operation, expressed as a 
percentage of the number present m normal dogs The figures alongside the 
projections of the nuclei give the percentage of cells winch survived in each nucleus 
the upper figure of eaoli pair being the ft\ erage m dogs m winch the tracts had been 
cut at AA the lower in dogs in which the posterior lobe had been removed with 
rupture of the stalk at B 

the supraoptic nuclei, still more than after rupture of the stalk at B by 
removal of the posterior lobe Further, separate comparison is made m 
the figure of the extent of the degeneration m the paraventricular and 
the two parts of the supraoptic nuclei The distance of the three 
nuclear masses from the pituitary stalk is illustrated by their projection 
on to the nndhne sagittal section, and shows that with section at any 
level of the stalk, the distance of the section from the nucleus is greatest 
m the case of the paraventricular nucleus, less with the anterior part 
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of the supraoptic nucleus and least with the posterior part of that 
nucleus In the three animals after removal of the posterior lobe, an 
average of 31 per cent of the normal number of cells was left m the 
paraventricular nuclei, 25 per cent m the anterior and 22 per cent 
in the posterior part of the supraoptic nuclei, after tract section the 
figures were 20 per cent , 16 per cent , and 12 per cent By both of 
these comparisons, then, it holds that the further the lesion from the 
nucleus the greater the number of cells which survive 

The comparisons m fig 1 are made using only ammals m which the 
tracts had been sectioned at one operation (3, 4, 5, 10 of Table III) 
Data are also included m Table III from four ammals (2, 6, 7, 12) in 
which the supraoptico -hypophyseal tracts were cut in the median 
eminence at a second operation one to six months after operative 
removal of the posterior lobe The sites of the final section were 
similar to those of the single operation on dogs 3, 4, 5, and 10, but only 
4100-9900 cells were found m the supraoptic nuclei as opposed to 10, GOO- 
13, 300 in ammals submitted to one operation only Apparently, if the 
tracts have previously been severed more peripherally, cells may fail to 
survive section of their axon at a site at which primary section alone 
would not have been fatal 

Accepting that the site of section of the hypothalanuco-hypophyseal 
tracts is a factor m determining the degree of atrophy in the para- 
ventricular and supraoptic nuclei, one possible interpretation is that 
with the more remote sections a greater length of axon remains in 
contmuity with each cell, allowing a greater possibility of survival 
For this explanation it has been assumed that all axons of the supra 
optic and paraventricular nuclei collect behind the optic clnasma (at 
A A in fig 1) and all continue down the stalk to the pare nervosa, so 
that interruption of the tract at any level results in the transection of 
the same numhor of axons, at different distances from their cell bodies 
But Vasquez-Lopez [1942] has described nerve endings in the stalk, 
and m addition many fibres can be seen running m the lateral wall of 
the stalk between the hypothalamus and the mam tract, these are 
usuallv regarded as axons arising from the posterior pole of the supra- 
optic nucleus and joining the hypothnlamico-hypophj seal tracts, but 
1 equally include fibres leavmg the main tract to re enter the hypo- 
tiiolnmus It is, then, by no means certain that all fibres from the 

1 ’"-n and continue in the hypo- 

median eminence and along 
second possible interpretation 
the tracts, fever axons are 
le stalk or passed out into the 
re cells with more distal tract 
number of axons which have 
:he mnnnor of termination of 


supraoptic and paraventricular j- 

tkalanuco-hypopliyseal tracts across the 

the anterior wall of the pituitary stalk A 
I that with more distal interruption of 
involved, some having already ended in tl 
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the liypothalainico-hypophyseal tracts to allow any decision as to the 
relative nnpoitance of these two possibilities 

In dogs 1 and 2 of Table III the median eminence, pituitary stalk, 
and pars nervosa were destroyed, so that there was almost complete 
loss of the tissues usually regarded as possible sources of antidiuretic 
substance, suggesting that the 11,700 and 9900 cells which were counted 
m the supraoptic nuclei of these animals retained veiy little antidiuretic 
function The survival of a cell of the supraoptic nucleus, then, does 
not necessarily mean that it is able to command the liberation of anti- 
diuretic substance, and it follows that the fact of the survival of 20,000 
cells in the supraoptic nuclei aftei removal of the posterior lobe does 
not prove that significant liberation of antidiuretic substance may 
occur from the intact stalk and median eminence On the other hand, 
dog 10 provides an instance where tract seotion was incomplete and 
some fibres could be follow ed in sdver sections past the lesion into the 
pars nervosa, so that some of the 10,600 cells which survived m this 
animal could have retained full normal function The ability of per- 
sistent cells of the supraoptic nuclei to liberate antidiuretic substance 
may, therefore, range from nil to normal and the count of the residual 
cells of the nuclei provides no measure of the residual function of the 
neurohypophysis after operative procedures Thus, the absence of any 
relationship between the number of residual colls of the supraoptic nuclei 
and the degree of permanent polyuria does not in any way compromise 
the theory that the operative lesion needed to produce diabetes insipidus 
is the destruction or atrophy of the wdiole neurohypophysis, including 
pars nervosa, pituitary stalk, and median eminence — a theory with 
w hich in general the post-mortem findings of Table III agree 


Summary 

1 Counts have been made of the cells of the supraoptic and para- 
ventricular nuclei of dogs 

2 In the supraoptic nuclei of both sides in six normal anim a ls 
between 64,200 and 93,000 cells w T ere found, the average bemg 84,900 
In three animals killed four months after removal of the posterior lobe 
of the pituitary 18,700-20,900 cells remained, 24 per cent of normal, 
in four animals after section of the supraoptico-hypophyseal tracts 
in the median emmence 10,600-13,300 cells remained, 14 per cent of 
normal 

3 In both paraventricular nuclei of six normal animals there were 
11,800-20,100 cells morphologically Bimilar to the cells of the supraoptic 
nucleus, the average being 16,S00 After removal of the posterior 
lobe 4600-6100 (31 per cent of normal), and after section of the base 
of the stalk 1400—4300 such cells (20 pei cent of normal) remained 



40 


O’Connor 


of the supraoptic nucleus and least with the posterior part of that 
nucleus In the three annuals after removal of the posterior lobe, an 
average of 31 per cent of the normal number of cells was left in the 
paraventricular nuclei, 25 per cent m the anterior and 22 per cent 
in the posterior part of the supraoptic nuclei, after tract section the 
figures were 20 per cent , 16 per cent , and 12 per cent By both of 
these comparisons, then, it holds that the further the lesion from the 
nucleus the greater the number of cells which survive 

The comparisons m fig 1 are made using only animals m which the 
tracts had been sectioned at one operation (3, 4, 5, 10 of Table III) 
Data are also included m Table III from four animals (2, 6, 7, 12) m 
which the supraoptico-hypopliyseal tracts were cut in the median 
eminence at a second operation one to six months after operative 
removal of the posterior lobe The sites of the final section were 
similar to those of the single operation on dogs 3, 4, 5, and 10, but only 
4100-9900 cells were found m the supraoptic nuclei as opposed to 10, GOO- 
13, 300 m animals submitted to one operation only Apparently, if the 
tracts have previously been severed more peripherally, cells maj' fail to 
survive section of their axon at a site at which primary section alone 
would not have been fatal 


Accepting that the site of section of the hypothalamico-hypophyseal 
tracts is a factor in determining the degree of atrophy in the para- 
ventricular and supraoptic nuclei, one possible inteipretation is that 
with the more remote sections a greater length of axon lemains in 


continuity with each cell, allowing a greater possibility of survival 
Foi this explanation it lias been assumed that all axons of the supra- 
optic and paraventricular nuclei collect behind the optic chiasms (at 
AA in fig 1) and all continue down the stalk to the para nervosa, so 
that interruption of the tract at any level results in the transection of 
the same number of axons, at different distances from their cell bodies 
But Vasquez -Lopez [1942] has described nerve endings in the stalk, 
and m addition many fibres can be seen running m the lateral w all of 
the stalk between the hypothalamus and the main tract, these are 
usually regarded as axons arising from the posterior pole of the supra- 
optic nucleus and joining the hjpothalamico-hypophyseal tracts, but 
mav equally include fibres leaving the main tract to re enter the hypo- 
thalamus It is, then, bj no means certain that all fibres from the 
nunraoutic and paraventricular nuclei join and continue in the hypo- 
x, . hvnonhvseal tracts across the median eminence and along 

tbalami 3 -P P J thg pltmta ry stalk A second possible interpretation 

tkeanten d J n] jnt emiption of the tracts, fever axons are 

is that to already ended m the stalk or passed out into the 

involved, som b ^ sumva i of more cells with more distal tract 

hypothalamus, so thc increa sing number of axons which have 

bections may mere j( ]lttle 1S known of the mannor of termination of 

escaped section 



EXPERIMENTAL OBSERVATIONS ON THE STRUCTURE OF 
THE BONE MARROW By A Nizet 1 From the University 
de Liege, Institnt de Clinique et de Policlmique Mddicales 

( Received for publication 2 3rd March 1940 ) 

Reticulocytes are always present in normal blood this fact proves 
the erythrocytes are not necessarily ripe when liberated into the 
circulating blood From the standpoint of the interpretation of the 
leticulocyte formula, it is very important to know whether all the 
erythrocytes achieve their ripening in the circulating blood, or onty 
part of them In other words, are ripe red corpuscles stored m the 
bone marrow i It is impossible to settle this question by the methods 
of bone-marrow punctures, because their product contains a mixture of 
medullary elements and capillary blood Istomanowa [1930], using a 
technique of rapid cuttings, claimed that all the red elements of the 
marrow were reticulocytes and therefore liberated at this stage, but Ins 
method does not avoid the possibility of confusion Roller [1939] 
claimed to solve the pioblem on theoretical grounds 

Method 

The principle of our technique consists m “labelling” visually the 
red corpuscles of one dog and injecting them into another one under 
normal conditions Practically we proceed as follows One dog “A” 
receives intravenously 30 mg phenylhydrazine per kg body-weight 
According to our experiments [Lambrechts and Nizet, 1943 a], the red 
corpuscles of this dog show, already after a few minutes, a very high 
ratio of cells contaimng Heinz’s granules (600-900 per cent ), w hen 
stained post-vitally by brilliant cresyl blue and observed with a dark 
field condenser [Nizet, 1941, 1943, 1944] The “substantia reticulo- 
filamentosa” appears yellow, the Hemz’s granules brown By our 
method of observation it is very easy to distinguish both reticulocytes 
and Hemz’s granules, which is impossible by the ordinary microscope 
The erythrocytes contaimng Hemz’s granules are very well tolerated 
by the dog during several days and disappear very slowly Therefore 
tins blood may be transfused to another dog and is well tolerated : 
One or two days later, when there is no doubt that the dog “A” has 
eliminated the excess of phenylhydrazine, we establish a crossed 
circulation between it and another dog “B” under continuous control 

Aspirant du Ronds National Beige de la Recherche Scientifique 
* Such transfusions allowed us to determine -with Lambrechts the blood volume 
of the dog [Lambrechts and Nizet, 1043 6] 

43 
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4 It is therefore concluded that the axons of the cells of the para- 
ventricular as well as of the supraoptic nuclei enter the pituitary stalk 
and reach the pars nervosa 

5 It is suggested that one factor determining the extent of the 
atrophy of the nuclei after operative section of the hypotkalamico- 
hypophyseal tracts is the site of the lesion, more cells surviving the 
further the lesion is placed from the nuclei 

6 No correlation was observed between the degree of polyuna 
which resulted from the operative procedures and the degree of atrophy 
of the supraoptic nuclei, and this is discussed m relation to the residual 
function of the neurohypophysis and the production of diabetes insipidus 
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Ratio (7), Dog “B” 

Peripheral blood, 0 0770 (on 7000 erythrocytes) 

Bone manow, 0 6702 (on 7000 erythrocytes) 

Experiment II 

Donor “ A”, 4 5 kg Received l v 30 mg phenylhydrazine per kg 
body-weight the day before 
Recipient “ B ”, 3 8 kg Reticulocytes 2, 8 1 pei cent 
Chloralose amvsthesia (1 2 g /kg body -weight) 

Blood-pressure during the crossed circulation 




Dog “A" 

Dog ‘B 



mm Hg 

mm Hg 

Before the experiment 


200 

145 

Beginning of the ciossed circulation, 10 hi 

40 min 


End of the mossed mrculation, 

11 lu 

15 mm 200 

145 


Samples taken at 12 In 

Ratio (I), Dog ' B" 

Penpheral blood, 0 9402 (on 12,000 eiythrocytes) 

Bone marrow, 0 9485 (on 12,000 erythrocytes) 

In those experiments, the physiological connections of the haemato- 
poietic tissues are mi changed and theie are only shght circulatory 
modifications 

It must be emphasised that the numbei of reticulocytes in the 
recipient dogs is normal By our technique we found approximately 
the same value m noimal men [Nizet, 1941, 1944] 

SuMMAKY 

By means of an ongmal technique it is shown that no npe erythro- 
cytes are stored m the bone marrow All the red cells achieve their 
ripening m the circulating blood 
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of the blood-pressure of botli This circulation is maintained for 
30 minutes or 1 hour, in order to introduce a sufficient quantity of 
“labelled” erythrocytes into the blood of “B” 

After 24 to 48 hours the plasma of “A” does not contain phenyl- 
hydrazme m amounts sufficient to produce Heinz’s granules in the blood 
or bone marrow of “B” This is shown as follows Phenylhydrazme 
is active on erythrocytes in vitro [Moeschhn, 1941 Nizet, 1945] Before 
beginning the crossed circulation, blood samples from “A” and “B” 
are taken and, after strong centnfugalization, the erythrocytes of “B” 
are mixed with the plasma of “A” After staimng, no Heinz's granules 
are found in these erythrocytes The perfusion of the poisoned blood, 
therefore, produces no Heinz's granules in the ripe erythrocytes which may 
eventually be stored in the bone marrow of the dog “B” 

Ten or 15 minutes after the end of the crossed circulation, a blood 
sample and several bone-marrow samples (femur, humerus) are taken 
from the dog “B” Smears and exact counts of the ripe erythrocytes 
are made, excluding the reticulocytes The ratio 
granular npe erythrocytes 
lion-granular npe erythrocytes 

is established 

This latio (I) must be the same in the bone-marrow capillaries as 
in the peripheral blood if both bloods are well mixed The bone-marrow 
sample contains the circulating capillary blood and the fixed medullary 
elements, red and white If an appreciable number of npe erythrocytes 
weie fixed in the bone marrow of “B”, the ratio (I) wmuld have a lower 
value in the marrow samples than in the blood sample (these fixed 
eiythrocytes not being labelled by our process) JVe found in our 
experiments exactly the same valve in both 

Results 


We give the results of two experiments 
Experiment I 

Donor “A” 5 3 kg Received i v 30 mg phenylhydrazme per kg 
body -weight the day before 
Becipient “B”, 3 0 kg Reticulocytes 4, 2 per cent 
Ckloralose anesthesia (1 2 g /kg body-weight) 

Blood-pressure during the experiment „ or ^ 

mm He 

Before U ‘; 10 hr to min 

?T"fT t^edc rcul»t.on, n hr I i min 

End of the crosseu 11 hr 30 min 

Samples taken at 


1 to 


Dog U 
mm He 
155 


no 



A STUDY OF ARSINE POISONING By G A Lewy (now Impel lal 
Chemical Industries Research Fellow in Biochemistry) From 
the Departments of Biochemistry and Pharmacology, University 
of Edinburgh 

(Received J or publication 16 th August 1040 ) 

Introduction 

This work on arsine poisoning w as earned out m 1940 and 1941 on 
behalf of the Ministry of Supply The object was to obtain reliable 
data foi the toxicity of the gas and further mfomiation regarding the 
mechanism by winch it causes deatli 

In studying the toxicity of a gas it is neoessaiy fiist of all to determine 
the relationship between concentration and duration of exposure for 
death in 50 per cent of a group of animals For a gas such as arsine, 
which is irreversibly fixed by the body, it then lemams to be found 
what amounts of the gas are absorbed during median lethal exposures 
Most of the work on amine poisoning reported in the literature deals 
with the characteristic blood changes observed after inhalation of the 
gas Very little niformation is available regarding the toxicity of arsine 
for w'hole animals, mainly because it has been assumed that the direct 
and indirect consequences of the reaotion with erythrooytes are the 
sole factors in the lethal action of this gas It is difficult to see how 
the relative importance of the various effeots contributing to death can 
be assessed without accurate knowledge of the toxicity of arsuie for 
the whole annual 

The scanty published data for minimum lethal exposures of animals 
to arsine is scattered through several papers [Dubitzki, 1911 , Fuehner, 
1922, Joachimoglu, 1920, Joachunoglu and Paneth, 1924, von Oettin- 
gen, 1917, Thauer, 1934] and is of little value since either the groups 
of animals used were very small or the methods of controlling the 
exposure open to criticism 

In experiments earned out with several species of ammals at the 
Chemical Defence Expenmental Station at Porton [Cameron, Carleton, 
Gaddum, Lovatt Evans and MeClurkm, 1939, Fraser, 1940], the con- 
centration of arsine (C) required to cause death m 50 per cent of a 
group of animals, after a latent period of some days, was found to 
vary with the duration of the exposure (T) according to the equation, 
C-T= constant Low concentrations were thus less effective compared 
with high than would have been the case if the same amount of arsine 
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Arsine Poisoning 40 

Tlie arsenic contents of tissues from animals exposed for relatively short 
periods to arsine have been determined by Joachimoglu [1920] and by 
Tliauer [1934] Thauer concluded that all the arsenic found m organs 
was derived from hteiuolysed erythrocytes The erythrocytes release 
none of the arsenic fixed during reaction with arsine until they undergo 
lysis [Thauer, 1934, Cameron et al , 1939] The possibility cannot, 
however, be excluded that part of the arsenic found in the tissues m 
Thauer’s and in Joachimoglu’s experiments represented arsine fixed as 
such before it could react with the red blood corpuscles 

In experiments described below, the toxicity of arsine for mice was 
measured by determining the amounts of arsenic absorbed during median 
lethal exposures to varying concentrations of the gas As a prelim- 
inary step, the median lethal exposure curve for mice already established 
by the Porton workers was investigated and extended, using an unproved 
procedure for controlling the exposures of the animals to the gas Mice 
were used as the experimental animals since the whole carcase can be 
taken for arsenic determination and since they are convenient to work 
with in statistically significant numbers 

The toxicity of arsme for mice was found to reach, under certain 
conditions, a surprisingly high figure compared with that of arsemtes, 
the most toxic arsemc-contammg compounds likely to be formed m the 
reaction xvith the erythrocytes This suggested that part of the arsine 
entering the blood stream may escape reaotion with the red corpuscles 
long enough to reach vital organs and there produce an effect as specific 
as nr thg erythrocytes Arsenic determinations were therefore done on 
tissues' freed from blood before the onset of haemolysis, from arsine- 
poisoned rabbits It was assumed that under such conditions any 
arsenic found in an organ had not undergone previous reaction with the 
erythrocytes 

At this period, the work of Peters, Stocken and Thompson [1945] 
which showed that ditluols can protect animals against lewisite was 
m progress It was considered that the possibility should be investi- 
gated of protecting animals against arsme by administration of a ditlnol 
A study was therefore made of the effects of ethane- 1 2-dithiol, the 
only suitable dithiol at that time readily avadable, on arsine-poisoned 
mice 

General Considerations in Gas Chamber Design 

IncaiAy experiments witli arsme, a great deal of information was acquired 
regarding the effects of various factors in gas chamber design on the results 
obtained m animal experiments On the basis of tins information, a new typo 
o chamber was constructed which permitted accurate oontrol of gas concen- 
tration and duration of exposure 

In the simple type of chambei commonly used m studying the physio 
ogical actions of gases, the gas is introduced after the animals arc in place 

tiie exposure m to lie prolonged, an an gas inixtine is passed through the 
c lumber With the gas mixtuie flowing inpidly, the time taken to build mi 
VOL XXXIV, XO 1 -1047 4. 1 
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per kg had had to be inhaled for 50 per cent mortality at all con 
centrations There are three possible explanations of this finding 

(1) The effect vanes with the amount of arsine absorbed, but the 
uptake of arsine is not proportional to the product of the concentration 
and the duration of exposure This could occur through the annual 
absorbing a smaller fraction of the inhaled arsine at low concentrations 
than at high, or through the percentage absorption of inhaled arsme 
falling off during the exposure Results obtamed by Kiese [1937] m 
experiments m which he determined the arsme content of inspired and 
expired air suggest the fraction of the inhaled arsme which is absorbed 
to remain constant under varying conditions of exposure Changes in 
ventilation rate would cause the uptake of arsine to deviate from 
proportionality to the product CT while rema inin g proportional to the 
amount inhaled While it is possible that the average ventdation rate 
may be different m exposures of widely differing durations, it is impos 
sible to conceive changes m the respiration great enough to explain 
the lelationship between concentration and duration found bj the 
Porton v orkers 

(2) The experimentally derived curve foi median lethal exposures 
of animals to arsine is more truly characterised by an equation of the 
type (C-a) T = constant, where % is a limiting concentration below 
which no arsme is absorbed This explanation may be regarded as 
improbable in view' of the fact that it was found at Porton that animals 
could be killed by very low concentrations if the exposure was suffi 


ciently prolonged 

(3) The amount of arsine absorbed is a constant fraction of that 
inhaled, but the former produces effects of varying magnitude according 
to the conditions of the exposure If this were true, it would suggest 
that there exists in the body some mechanism whereby arsme is ren- 


dered less toxic sufficiently rapidly to make slight changes m the rate 
of uptake of great importance in determining the total effect 

By estimating the arsme removed from respired air, Dubitzlu [1911] 
and Kiese [1937] determined the fraction of inhaled arsine which was 
absorbed Dubitzlu found that cats absorbed 10 to 50 per cent of 
the arsme inhaled, while Kiese found inbbits to absorb 25 per cent of 
the gas inhaled Results obtamed m such experiments depend to a 
frreat extent on the dead space in the apparatus used Figures for the 
arsenic contents of mice killed immediately after exposure to arsine 
TFiehner 1922, Thauer, 1934] suggest a much larger fraction of the 
inhaled to be absorbed Kiese found that none of the arsme 
T m larl hv rabbits could bo detected in expired air after the exposure 
? ’ ll iLn generally l.oM [Th.uc, 1H4, Ev,„„ ,,41] 

„ r nll ursine absoibed from the lungs undergoes immediate 
practice y ervtluocy t C s and that poisoning of the bod} tissues is 

cTused" bytic amemc-contammg product or products of this reaction 
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slightly and 25 gm zinc shot weie introduced After passing through ION 
sodium hydroxide solution, the arsine hydrogen mixture was collected in the 

g ^°TlMGas(meier —The arsine hydrogen mixture was stored in the gasometer 
shown in fig 1 Saturated common salt solution was used as sealing fluid, 
the volume being sufficient to fill the lower bottle completely and cover the 
two hole stopper m the upper bottle The gasometer found to be most con- 
venient m size was manufactured from 3 litre aspirator bottles, and held 2 5 
htres of gas Mounted m a suitable stand, it was easily transportable 



Fia 1 — Gasometer for the collection of arsine and delivery at a measured rate 

To prepare the gasometei for the collection of gas, the tube (D) nas lemoved 
and tlie screw clip (C) opened When the gasometer was completely charged 
and the collection of the arsine hydrogen mixture had been discontinued, the 
screw chp (C) was closed and the stopcock A was opened momentarily to the 
air to reduce the pressure of the gas to atmospheric 

To displace the gas, the salt solution was dropped into the lower bottle 
through the long handled stopcook (B) The rate of flow of the gas was 
measured by determining the time necessary for the passage of 10 drops of 
the solution Cahbration of the drop rate m terms of ml /min was done by 
collecting water displaced from a Manotte flask m senes with the gasometei 
It was found that, with tube D in position, the volume of gas displaced m 
unit time vaned directly with the drop rate over the range 0 5 to 8 ml /min. 

Sampling the Arsine Hydrogen Mixture — To determine the arsine content 
of the gas mixture, a measured sample uas shaken m an absorption pipette 
with N/50 siluor nitrate solution Saturated sodium clilonde solution was used 
ns sealing fluid m the gas burette After absorption of the arsine was complete, 
the silver nitrate solution was filtered to remove precipitated silver Solid 
potassium iodide vas added to the filtrate m slight excess of that required to 
redissohe the precipitate of silver iodide first formed The arsemte in the 
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tlie required concentration in the chamber is negligible ill long exposures, but 
caimot be ignored m exposures of short duiation Wien tlic exposure is short 
enough to avoid risk of asphyxiation, the an flow may bo omitted and sufficient 
gas introduced to give the desued concentiation when mixed with the air in 
the chamber This does not, howevei, overcome the difficult} encountered 
in very short, exposures in terminating the exposuie as abruptly as required 
With this type of gas chambei , it is not possible by either procedure to verify 
the concentration of the gas before exposing the animals 

In an early attempt to construct a chamber permitting short exposures of 
mice to predetermined concentrations of arsine, a large, inverted vessel resting 
on a sheet of ground glass vras used The desired concentration of gas was 
introduced by the open circuit method and checked by analysis before exposing 
the animals When the arsine concentration had reached the correct figure, 
the chamber was skd over the mice, already m place in a small, shallow con 
tamer sunk below the surface of the sheet of glass Smce the \ olume of the 
animal container was a small fraction of the capacity of the chamber, there 
was very httle dilution of the gas when the chamber was moved The size 
of the apparatus was limited by practical considerations, and the mice were 
consequently very crowded Very erratic results were obtained in mortahty 
experiments with this chamber, due it is bebeved to the crowding of the animals 
The errors may have arisen thiough the animals rebreathmg from an isolated 
pocket of air and possibly also through lemoval of arsine from inspired nir by 
filtration through the fur 

Another ohamber foi the exposure of annuals to arsine was constructed on 
a similar principle This chamber, details of vvlneli are given below, proved 
to be very satisfactory with widely 7 differing concentrations and durations of 
exposure The total volume of the chamber was great enough to allow, with 
out appreciable dilution of the arsine, the use of an annual contamei holding 
thirty mice, eaoh in a separate, perforated compartment, or two rabbits Tins 
ohamber was used m all the rabbit, and in all but a few of the mice, cxpenments 
described in the following pages 

Unless precautions are taken to prev ent it, animals tend to huddle together 
when exposed to arsine Figures obtained for the arsenic absorbed by mice 
m exposures ui the simple type of gas chamber, in whioh the animals were 
free to take up any 7 position they pleased, were lower than those quoted below 
foi similai exposures in the new chamber, in which the nucc were kept sepaiato 
It seems that when the animals were allowed to huddle together they did not 
inhale the full concentiation of arsine present, although the error was less 
than that found when the mice were forcibly crowded 

For long exposures, it is considered that, in any tvpo of chambei in which 
mice are separated from each other, provision should bo mndo foi heating 
After 5 hours m the new chamber (capacity 140 hties) with pure air flow mg 

a £ 9 fitresffimiute, nucc appe ired to suffei badly from cold, although there 
were no subsequent deaths 

METHons 


Premiration of the Arsine Hydrogen Mixture —A saturated, neutral solution 
r j ™ oi-opnite (=20 mg As/ml ) was prepared from A 11 arsemous oxide 
tlSs stick solufon-™, dilute to 8, „„ „ (cr , 

i ra ™l?oncentrnted sulphuric acid, 3 drops 5 per cent copper .sulphate 
and l£> 1311 , Hrmw 40 Tier cent stannous chloride in concentrated HC1 were 
solution and 10 P Ag < m [ were present in the final solution, the 

added (If more IondeTUls omitted, ns otherwise the evolution of hydro 
addition of stnnnoi vjolent ) The solution wus, if necessary, warmed 

gen became uncontroua y 
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by raenns of u mixing bottle at a rate of from 2 to 6 ml /minute into the nir 
which then passed direotlv into the gas chamber Tlie air flow was regulated 
to dilute the arsino to the desired concentintion Except in very short e\ 
posures, the experiments Mere arranged so that an enteied the chamber at a 
rate of from 1 5 to 2 htrcs/min (more than sufficient foi two labbits oi thirty 
mice) The air nab supplied by a compiessor fed from the external atmo 
sphere, and after fluctuations in pressme bad been ehmmated by passnge through 
a leak valve the rate of flow was regulated by menns of a stopcock and measured 
by a i otametei or floumetei The exhaust from the chamber led into' a fume 
duct in which the diaught w as sufficiently strong to leduco the prcssuic m 
the chamber below that of tho atmosplioie by about 5 mm u atei All devices 
for measurmg gas flow ueie calibrated by watoi ihsplaconient 

When it was found by sampling that tho concentration of arsme was steady 
at the figure desired, the animals in their contamer were introduced mto the 
chamber and the outer door was locked m place Eurther samples of the 
gas were taken when the animals were m the chamber When rabbits were 
being exposed, the dilution of the arsine caused by the introduction of the 
animals was less than 10 por cent With nuce, the dilution was less than 
5 per cent No great dilution of the gas in the chambei is to be expected, 
since introducing the animals decreases the total capacity with consequent 
outward displacement of the gas Much greater dilution of the arsine occurred 
when the animals were removed from the chambei since air then entered to 
fill the space ocoupied by the contamer 

The exposures of mice to 0 025 mg AsH 3 /htre mentioned below were earned 
out in an ordinary open circuit chamber, constructed from an nnatomioal 
specimen jar of 3 5 litres capacity The jar was enclosed by rods, spaced 
7 cm apart, connecting together two brass plates (6 4 mm thiok), one of which 
acted as the door of the chamber With this chamber, the desired concen- 
tration of arsme was built up with the animals in place The rate of air flow 
was approximately 1 5 litres/minute, being varied shghtly as required for 
correct dilution of the arsine hydrogen mixture, the latter being introduced 
at a constant rate of 1 6 ml /nun Under these conditions, the desired concen 
tration was probably reached 5 to 10 minutes after the introduction of the 
animals In the prolonged exposures earned out m tins chamber, 6 samples 
of the gas were withdrawn for analysis at regular intervals in each experiment 
Estimation of the Arsme Concentration in the Chamber — To determine the 
arsine oontent, samples of air were withdrawn from the chamber by means of 
a suction pump The air was drawn through a small wash bottle charged 
with ION sodium hjdroxide solution, an absorption tube packed with glass 
beads and containing N/50 silver nitrate solution, and a gas meter The 
withdrawal of the sample was earned out as slowly as was feasible 

The liquid in the bead tube was allowed to stand for about 15 min , filtered, 
and after the addition of excess potassium iodide, titrated with iodine, in 
presence of starch and sodium bicarbonate 

Occasionally, with very lugli concentrations m the chamber, samples were 
taken bi the procedure used with the gasometer As a rule, the concentration 
of arsme in the chamber agreed closely with the figure calculated from the 
arsine introduced 

Exposure of Mice to Arsme and Determination of the Arsenic Absorbed 

Preliminary experiments suggested that the toxicity of arsme for mice 
' anes for animals drawn from different stocks and belonging to different weight 
groups All results gnen in the following pnper were obtained with mice 
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solution was then estimated by titration with N/200 iodine, m presence of 
starch and sodium bicarbonate Tlie absolution pipette and gas buretto were 
similar to those used by Joachimoglu [1920] Complete determinations 
earned out in duplicate usually agree to within 3 per cent 

The Gas Chambers — The new gas chamber (fig 2) w as constructed from n 
galvanized iron tank (G4 x51 x51 cm ) to which was bolted a sheet of brass, 
b 4 mm tluck, to form the front face of the chamber A rubbei gasket between 
the brass sheet and the iron tank ensured an airtight joint A rectangular 
aperture, 53 x IS cm , could be closed by either of two brass doors, 4 mm 
thick The doors were hmged separately to either Bide of the front face of 



Fig 2 - — Diagram showing construction of chamber for accurately timed 
exposures of unimnls to predetermined concentrations of arsine 


the chamber, and were connected at the unlunged cornel's, so as to form a 
right angle, by two, slightly flexible, brass rods (4 mm diameter) The doors 
thus moved together When either dooi was locked in position, it pressed 
ammst rubber channelling so ns to form nn untight seal The space between 
the doors tins occupied hi the animal container, which was secured to the 
outer dooi A fan, the spindle of which passed tlirough an oil seal, gas inlet 
and outlet tubes, and a stopcock foi sampling completed the chamber 

The empty rabbit container (shown in section in fig 2) had a capacity of 
13 litres nmunst the total chamber capacity of 142 litres With slight cron dmg, 
two rabbits could be got into the container Exjiosure of inbluts singly was, 
liowcvci found pi efei able The rabbits weic kept in place b} horizontal rods 
f tened'to the cuncd edges of the container When mice were to be exposed 
la die chamber, most of the space between the doors was occupied h\ nn 
m tuxht dummv'resembhng the rabbit container The mouse container, which 
i L the form of a shallow , cun ed trnv of perforated zinc, capacity 4 litres, 
rested on top of the duninn The trnv was divided into tlnrtv compartments 

by means of pCTforntol zinc^u ro , ^ chimlbcr closed In the inner door 
Del ore scar fa Produced through the sampling stopcock to give npproxi 
Sufhcient nrsme conccnt ration when mixed with the air in the chamber 
mntelj the rcc l‘ f Rlr containing the correct concentration of arsine was 

Passage of a siren j^drogen mixture from the gasometer was injected 
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heart was colourless Heparin (2 mg /100 ml ) was added to the first 600 ml 
saline passed through the ammal Removal of blood from the ammal was 
complete after perfusion for 3 minutes The blood sample winch had been 
standing at room temperature was at once cooled to 0°C (10 mm after the end 
of the exposure) and examined for haemolysis Samples of various tissues were 
taken and without further treatment analysed for arsenic 

Treatment of Arsine poisoned Mice with Ethane 1 2 dithiol — The ditluol was 
prepared according to the method of Pasbender [1887] The solubility in 
water at room temperature was determined lodometnoalty and found to be 
0 4 per cent , permitting the use of aqueous solutions for injection into mice 
Solutions in normal saline were prepared immediately before use, as on standing 
they gave nse to a white precipitate In practically all cases, injections were 
mtraperitoneal the volume of fluid injected into each mouse varying from 0 2 
to 0 6 ml 


Results 

Median Lethal Exposure of Mice to Arsine 

Mortality figures for mice exposed to different concentrations of 
arsine for varying periods are shown m Table I Each experiment 
quoted was earned out with a group of 30 mice, exoept in the case of 


Table I — Deaths m Mice Exposed to Absine * 


Concentration 

Duration of 
exposure 

Mortality 

Estimated duration for 
50 per cent death 

mg AaH,/litre 

mins 

per cent 

mins 

2 5 

0 60 

93 

0 40 


0 33 

20 


10 

1 25 

67 

1 18 


0 83 

13 


HUSK 

10 

100 

24 


5 

93 



2 6 

57 



1 7 

0 


0 25 

15 

70 

12 


9 

33 


■H 


100 

60 



50 


0 025 

900 

0 

1440 


1080 

0 



1260 

50 



1440 

50 



1620 

50 



1800 

1 

100 



30 mice used in encli experiment with 0 1 to 2 5 mg AsH,/litre 
6 ” » f. ,, 0 025 
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drawn from an mbred stock and weighing 25 to 30 gm Equal numbers of 
males and females were used in each experiment, but no differences m their 
response to arsme was ever obtained 

In the study of arsme poisoning carried out at Porton various concentrn 
tions of the gas weie used in exposures of fixed duration It was decided, in 
determining the median lethal exposure curve for our own mice, to work with 
fixed concentrations of arsme and vary the duration of exposure to each 
concentration With this system of working, the experimental error should 
be less than m the former procedure at those concentrations at which median 
lethal exposures are characterized by the equation, C 2 T = constant Further 
more, when the concentration is fixed, the results ob tamed can be readih 
compared with those for other species of animals by allowing for differences 
m ventilation rate 

All exposures were carried out with the new gas chamber, except m the case 
of the prolonged exposmes to 0 025 mg AsH 3 /litre for which the ordinary 
type 3 5 litre chamber was used In these long exposures, which were con 
tinuous from beginning to end, the mice were provided with food and water 

To determine the arsme absorbed by mice exposed to the gas, the animals 
were killed by breaking them necks at the end of the exposure Each carcase 
was put separately through a household mincer, and 20 gm of the maxed 
mmce was weighed out on thin, arsenic free paper for arsenic determination 
The analyses were carried out by the method previously described [Levw, 


1943] 

In determining the arsine absorbed by mice during a 24-hour exposure to 
the gas, it was necessary to correct for arsemc lost from the body by excretion 
in the urrne The mice, after weighing, were placed in a small metabolism 
cage which fitted into the 3 5 htre chamber At the end of the exposuro, they 
were killed and washed over the metabolism cage so that no urme should bo 
lost, and the combined washings from the cage were analysed 

Determination of Arsenic in Rabbit Tissues — In determining the arsemc 
contents of individual rabbit tissues, it was considered undesirable to wash 
the blood out of the body by perfusion before killing the animal, smce the use 
of an ansesthetic might affect the course of hsemolysis Two alternative 
procedures were therefore used to free the tissues from blood before analysis 
In both of these, the rabbit was injected intravenously with 10 mg heparin 
in 1 0 ml 0 9 per cent sodium chloride solution immediately after exposure 
to arsme m the new chamber 

In the majority of experiments, a few seconds after injection with heparin, 
the rabbit was stunned and the carotid arteries were cut The blood was 
collected in a beaker containing a further 10 mg heparin m 1 ml saline, cooled 
to 0°C and examined for luemoly sis The tissues to be analysed were quickly 
removed and dropped into ice cold saline They were then cut mto small 
nieces and washed thoroughly until frequent changes of ice cold saline o\er a 
enod n f one an d a half to two hours, to remoi e as much of the remaining 
blood as possible After thorough drying with filter paper, aliquots of the 
tissues were weighed out for nnahsis [Le\ vv, 1943] 

tissues we ^ imentg> the procedure was ns follows After injection with 
, „ rabbit was killed by breaking its neck The sternum was divided 

heparin, tne ula inserted mto the aortic arch above the bifurcation 

lon^tuinally nTid n ca of bIood wns taken from thc hcnrt j 

of the left subclavian^ V ] mI salmc n t0 this point the procedure 

it was added in b ^ mutes from the removal of the animal from the gas 
occupied a penoa ^ perfuse( i through thc nortn and arterial s\ stem with 
chamber fbe rauu v lutlon till the liquid running to waste from thc 
0 9 per cent sodium cmunu 
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Table II — Arsine Absorbed b\ Mice 


Concentration 

(C) 

Duration 
of exposure 
(T) 

C XT 

Nuniboi 
of mice 
m group 

Average arsine content 
(U) and standard error 

U/CT 

(-Vx) 

mg AsHj/litro 
2 5 

mm 

0 40 

1 0 

12 

ing AsHa/kg 

0 07 ± 0 04 

0 07 

1 0 

1 18 

1 18 

11 

I 12 ±0 03 

0 05 

0 60 

2 4 

1 2 

6 

1 28 ± 0 10 

1 07 

0 26 

12 

3 0 

12 

2 44 ± 0 05 

0 82 

0 10 

60 

6 0 

12 

3 60 ±0 13 

0 70 

0 026 

1440 

30 

6 

10 7 ±0 76 

(+41 mg AsH, in 
urine per kg body 
weight = 14 8) 

0 41 


to cause 50 per cent mortality (Table I), it follows that tlie toxicity 
of arsine must decrease with decreasing concentration inhaled The 
amount of the gas absorbed did not, however, depend solely upon the 
product of the concentration and the duration of exposure, as can be 
seen from the last column m Table II 

If C is the concentration of arsine m mg /litre, T the duration of 
the exposure in mm , U the amount of arsine absorbed m mg /kg and 
V the ventilation rate of the mice during exposure in litres/kg /mm , 
then U = CT V.r, where x is the fraction of arsine inhaled winch is fixed 
On rearrangement, the equation becomes Va: = U/CT Prom Table II, 
it can be seen that Vx rose with increasing duration of exposure to a 
maximum at 0 50 rag AsH 3 /litre and then fell considerably The 
changes in Vt account quantitatively for the change in direction of the 
median lethal exposure curve at 0 50 mg AsH 3 /litre (fig 3) If the 
median lethal exposure ourve is replotted in such a way as to correct 
or the variation in Vt, all the points fall on one straight line, as shown 
in fig 4 in which C is plotted against U/C Since U/C = TVt, fig 4 

show's the median lethal exposure curve after it has been corrected for 
variation in Vx 


The differences in value of Vx m exposures of varying duration can 
be explained by assuming changes in V or m x It seems more likely 
tliat the ventilation rate altered than the fraction of inhaled arsine 
wnch was absorbed If one assumes that t remained constant, then 
is proportional to litres of air inhaled per kg body weight during 
exposure (cf fig 4 ) The fall in ventilation rate in exposures of lonc> r 
c uration may have been due to the animals falling asleep or suffering 
rom co or the effects of arsine In short exposures to high concen- 
n ions o gas, the mice may have suspended respiration The mean 
ue for \x (=U/CT) for all the exposures was 0 77 The ventilation 
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exposures to 0 025 mg AsH 3 /htie In these exposures earned out m 
the 3 5-litre chamber, groups of 0 mice were used The animals did 
not appear to suffer unduly from cold in the long exposures in tins 
chamber, and 17 hours’ exposure to pure air and hydrogen under the 
same conditions caused no ill effects 

Tor periods of exposure ranging from 10 minutes to 24 hours, the 
results obtained agree closely with the figures found for mice at Porton 
Accurately controlled shorter exposures have not hitherto been possible 
smee they required the development of a new type of gas chamber 

10 


t 1 

4-J 

£ 

O-l 


0-0i 


j-'jQ 3 — Relation between concentration of ararao and duration of exposure for 
50 per cent death in mico 

The survival time of the fatahties was more or less the same over 
the whole range of concentrations studied (2 5 to 0 025 mg /litre) and 
for varying durations of exposure to any one concentration, the average 
period before death being 4 days Hemoglobinuria tins frequently 
noted at the end of exposures to 0 025 mg AsH 3 /htre 

At concentrations lover than 0 50 mg AsH 3 /htre, the relationship 
between concentration of gas (C) and duration of exposure for 50 per 

cent death (T) approximates to C : T = constant (fig 3) 



Arsine Absorbed by Mice during Median Lethal Exposures 

w,m,res for arsine absorbed by mice during exposure to \arvmg 
± of the gas are shown m Table II In the 24-hour ex- 

concen ra AsH 3 /htre, the figure for the total arsenic in urine 

posure t , ° of the weights of the mice used, and the result 

dm t Table n m term, of mg AsH, excreted per Kg body « e.ght 
is shown m 1 absorbed increased uith decreasing concen- 

The u the exposures were such ns had been found 

tration inhaled Mnce nu 
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minimum lethal dose of arsemtes to he approximately constant at 5 mg 
As/kg for all species of animals and by all methods of parenteral 
administration [Fischl and Sclilossberger, 1934] Except m the lowest 
concentrations inhaled, arsine is thus more toxic than aisemtes 

Clearance of Areine and an Arsemte from Mice 

The clearance of arsenic from mice nas studied after exposure to 
0 IS mg AsH 3 /htre for 20 mm , or intravenous injection of sodium 
arsemte m a dose equivalent to 6 mg elemental arsenic per kg body 
weight At intervals after treatment, the animals were lalled and the 
arsenic remaining m the body determined as described above The 



Flo 5 — Clearance of arsenic from mice after exposure to arsine or injection 

of an arsemte 

— arsine x — x nrsomte 

results, in terms of mg As/kg remaining, are shown graphically in 
fig 5, each point representing the average for 3 mice killed at the same 
time 

The clearance of arsemte was exponential since a straight line was 
obtained by plotting the amount remaining on a logarithmic scale 
against time on an arithmetic scale (fig 5) and after 24 hours less 
than one tenth of the arsenic injected remained m the body In the 
case of arsine, the clearance followed no such simple course and was 
much slower, 41 per cent of the arsenic still being present 24 hours 
after inhalation 




58 


Levvy 


rate for normal mice is about 1 2 litres per kg per mm [Gnddnm, 
1940] Assuming that the mean ventilation rate for all the exposures 



/ to too tooo 


V/c 

Fio 4 — The median lethal exposure curve after correction for variation in Vx 

(tr/C=T Vx) 

to arsine approximated to normal, the figure obtained for X, the fraction 
of inhaled gas which was retamed, is 0 64 This value for x is of the 
order one might expect if all expired arsme came from the dead space 
in the lungs, and hence is quite a probable one 

The Medtan Lethal Dose of an Arsenite 

To assess the toxicity of arsme as determined by the amount absorbed 
m a median lethal exposure, knowledge of the toxicity of an arsenite 
was required Results obtained for the mortality in mice after mtra- 
pentoneal injection of sodium arsenite (prepared from A R arsemous 
oxide) suggested the median lethal dose, m terms of elemental arsenic, 
to be 5 mg /kg (Table HI) Figures given m the literature suggest the 

Table ID — Toxicsm. of Sodium Absekite for Mice 

ON iNTBAEEBrrOXEAL INJECTION 
Dose calculated as elemental arsenic 

R° se Dentils 

mg As/ kg 

3 0/4 

4 1/4 

G 3/4 

8 4 / 4 

10 4 / 4 
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After drying with filtei paper, the arsenic content was found to have 
fallen from 4 6 to 2 0 mg /kg 

Since the tissues were weighed out moist for analysis, it was con- 
sidered advisable to examine the effect of washing for 2 hours with 
saline oil their water contents The losses in weight undergone by 
samples of poisoned tissues on drying to constant weight at 110° C 
were determined, on the one hand with samples taken directly after 
removal from the animal and on the other hand with samples submitted 
to the washing process Of the tissues listed in Table IV, only lung 
showed a significant difference m the two cases The ratio of ivet to 
dry weight of lung mcreased from 4 9 to 8 6 on washing with ice-cold 
sahne 

The results obtained m experiments 4 and 5, m wdnoli the animal 
was freed from blood by perfusion immediately after death, arc in 
general similar to those obtained by the alternative techmquo after 
similar exposures to arsine Slightly higher figures for arsenic in lung 
were found m experiments 4 and 5 than m 2, 3 and 6, possibly because 
of the effects of the washing process on the water content of lung tissue 
m the latter experiments Smce the results obtained m the perfusion 
experiments (4 and 5) were in general m good agreement with the 
results in experiments m which the tissues were washed with sahne 
after Bimilar exposures to aisine (2, 3 and 6), it seems that washing the 
excised tissues did m fact remove the bulk of the arsemc-contammg 
blood 

The concentration of arsenic found m any one tissue does not appear 
to parallel the blood content, but rather the product of gas concen- 
tration and duration of exposure 

As a matter of interest, the total amounts of arsine m the bodies 
of the rabbits exposed to the gas were calculated according to the method 
described in a previous paper [Chance, Crawford and Lewy, 1945] 
The weight of each tissue m gm /kg body weight ivas multiplied by 
its arsine content in mg /gm Summation of the figures thus obtained 
gave an estimate of the arsine absorbed m mg /kg body w eight This 
was then used to calculate the percentage of the gas inhaled on the 
assumption that the ventilation late of the labbits w r as 0 35 
htres/kg / min the value given foi normal animals by Gaddum [1940] 
These two series of figures are shown at the foot of Table IV 

It can hardly be over-emphasised that the figures thus arrived at 
have little quantitative value compared with the corresponding figures 
for mice which were directly deterrruned It is remarkable, however, 
that the rabbit figures confirm conclusions arrived at w ith mice Over 
the restricted range studied, the absorption of arsine varied approxi- 
mately with the product of the concentration and the duration of 
exposure, and the greater part of the gas inhaled w as absorbed (average 
00 per cent ) According to figures obtained by Fraser [1940] for the 
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The Arsenic Contents of Individual Rabbit Tissues 

The animals were exposed foi short periods to varying concentrations 
of arsine in the new chamber Figures obtained for the arsenic contents 
of blood, liver, kidney, lung, heart, small intestine, leg muscles and 
brain are shown in Table IV, the results being expressed as mg arsine 
per kg moist tissue In most cases the arsme contents are averages 
for triplicate determinations In no case was htemolysis detectable in 
the chilled blood sample taken from the animal, nor on incubation nt 
37° C did the corpuscles commence to hsemolyse till after a period of 
at least 30 minutes 


Table IV — -Arsenic Contents op Rabbit Tissues a Exposure to Arsine 
and Prior to Haemolysis Results Expressed in Terms of Arsine 


Number of 
Experiment 

1 



D 


m 

H 


Weight of rabbit, kg 

2 0 

22 

1 8 

20 

25 

1 9 

22 

26 

Length of exposure, 
mm 

5 

20 

20 

20 

20 

20 

20 

20 

Concentration of 
arsme, mg /litre 

0 94 

0 46 

0 46 

0 49 

0 49 

0 50 

0 91 

0 06 

Concentration x time 

4 7 

9 2 

9 2 

98 

9 8 

10 0 

18 2 

19 2 

Concentration in 
blood, 

mg AsHj/kg 

6 7 

8 9 

17 9 

16 1 

12 9 

33 1 

42 0 

40 0 

Concentration m 
tissues, 

mg AsHj/kg 
Liver 

46 

10 0 

9 8 

7 5 

12 4 

7 9 

24 2 

22 0 

Ejdne^ 

1 2 

4 9 

7 7 

5 9 1 

4 9 

6 1 

90 

8 9 

Lung 

3 G 

4 0 

4 4 

9 4 

0 2 

5 3 

13 0 

99 

Heart 

0 9 

2 2 

2 5 

1 0 1 

1 3 1 

2 3 

not 

done 

45 

Intestine 

0 1 

1 2 1 

1 0 

2 0 

2 1 I 

2 0 [ 

2 4 

28 

Muscle 

0 05 

0 4 j 

0 4 j 

03 ] 

03 I 

02 J 

04 

0 7 

Brain 

none 

none j 

__ . f 

none 

1 

0 6 

0 6 

1 

none j 

none 

03 

Total AsHj found in 


1 42 
44 

1 

i 

2 0 j 
02 

I 

1 90 

57 

I 

I 

1 

1 


bodv, mg /kg 

XJ/0 35 xCT, per cent 

0 68 

41 

1 90 
56 

3 02 i 4 40 
80 | 69 

1 

4 43 

60 


In all experiments except numbers 4 and 5, the first procedure 
, r bed above for removal of blood from the tissues was followed, 
. eSC abbit being bled to death and the tissues w ashed in ice cold saline 
Tn discover if the washing process removed arsenic from the tissues, a 
1 i r Aicnnpd liver the arsenic content of which had been deter- 
sample o p wns immersed in saline m the ice-chest for an 

"ddf 1 ”^ ^ hours with frequent changing of the wash solution 
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required for protection against the effects of a i minute exposure to 
0 50 mg AsH a /litie, vaiying doses of the ditlnol weie injected mtra- 
pentoneaUy 10 to 30 mm after the end of the exposure The results 
(Table VI) suggest that 17 mg /kg ditlnol should reduce the mortality 
caused by such an exposure to arsine from 100 per cent to 50 per cent 
Injection of the ditlnol from 3 hours before to 4 koura after exposure 
to arsine appears to have been just as effective for protection against 
the lethal action of the gas as admimstiation immediately after the 
exposure, as can be seen from Table VTI A considerable reduction m 
the mortality was still observed when the dithiol was injected 6 to 9 
hours after exposing the annuals to arsine The ditlnol was, however, 
ineffective when administered 12 hours after the mice were exposed to 
the gas 


Table VH — Effect of V abyin q 

the Interval between Exposure 

Absent: (0 50 Ma /Litre) 

and Injection of Dithiol 

Time of injection 



with respect to 

Total Mortality, 

time of exposure, 

mortality pei rent * 

hours 



4 mm oxposure followed by mjeotion of 15 mg 

dithiol/kg 

-3 

2/10 

20 

0 to 0 6 

3/28 

11 

+ 3 

1/10 

10 

+ 9 

3/9 

33 

+ 23 

6/9 

67 

5 mm cxpasuio followed by injection of 26 mg 

ditlnol/kg 

-2 

2/10 

20 

0 to 05 

2/10 

20 

+ 2 to +4 

2/18 

11 

4- 0 to *4- 8 

10/29 

34 

+ 12 to 4- 14 

18/19 

95 


In mail} of the experiments in which the ditlnol induced the moi- 
tality, extensive hsemoglobinuria was noted before the animals u ere 
injected With one group of 8 arsine-poisoned mice injected intra- 
venously with the ditlnol, the response was in no way different from 
that obtained after mtrapentoneal injection undei similar conditions 

Discussion 

In the introduction, three possible explanations were given of the 
fact that for 50 per cent mortality animals have to inhale much moro 
arsine at Ion concentrations than at high The experiments with mice 
show the last explanation to have been correct A practically constant 
(and large) fraction of the gas inhaled was absorbed at all concentrations, 
but the toxicity of the arsine absorbed decreased with decreasing con- 
centration inhaled The body must therefore possess some very effective 
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mortality m labbits exposed to arsine under varying conditions, tlie 
exposures in all except experiments 4 and 5 were approximately those 
leqmred for 50 per cent mortabty The calculated figures for mg 
arsme absorbed per kg m the median lethal exposures are in fair agree 
ment with the corresponding figures in mice for similar concentrations 
of the gas 

The Effect of Ethane-1 2-dtthiol on At sine-Poisoned Mice 

Throughout these experiments the concentration of arsme was fixed 
at 0 50 mg /litre, the animals being exposed m batches of 20 to 30 m 
the new chamber The duration of the exposure was in some cases 
4 minutes and in others 5 minutes Groups of 8 to 10 mice were used 
for each experiment 

Control exposures of untreated annuals to arsine were scattered 
through the dithiol experiments The exposures to 0 50 mg AsH a /htre 
to which the mice were subjected in the dithiol experiments were longer 
than required for 50 per cent mortality Figures obtamed m studying 
the toxicity for mice of the dithiol alone are given in Table V The 
median lethal dose appears to have been about 55 mg /kg 

Table V — The Toxicity op Ethane 1 2 Dithiol 
on Intraperitoneal Injection 


Dose, 

Total 

Mortality, 

mg /kg 

mortality 

per cent 

15 

' 0/20 

0 

40 

0/10 

0 

50 

3/0 

33 

70 

10/10 

100 


That ethane- 1 2-ditluol has a beneficial effeot in arsine poisoning 
uas found m three experiments m vhich 15 mg /kg uas injected 0-30 
min after exposure of mice to 0 50 mg AsH 3 /litre for 4 mm The 
total mortabty vas reduced from 13/20 (65 per cent ) to 3/2S (11 per 
cent ) To discover the minimum quantity of ethane- 1 2-dithiol 


Table VI — Reduction in Mortality, in Arsine poisoned mice 
Produced by Varying Doses op Ethane 1 2 Dithiol * 


Dose, mg /kg 

0 

o 

4 

s 

12 

15 

20 

Total mortality 
Mortality , per cent 

19/19 

100 

0/0 

100 

10/10 

100 

5/10 

50 

8/10 

80 

4/10 

40 

5/10 

50 


20 


2/10 

20 


IJi l — 

0 50 mg AsHj/litro for 5 mm 
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required for protection against the effects of a 5 minute exposuie to 
0 60 mg A8H 3 /litio, varying doses of the ditlnol were injected mtia- 
peritoneally 10 to 30 min aftei the end of tlie exposure The results 
(Table VI) suggest that 17 mg /kg ditlnol should reduce the mortality 
caused by such an exposure to arsine from 100 per cent to 50 pei cent 
Injection of the ditlnol from 3 hours before to 4 hours after exposure 
to arsine appears to have been just as effective for protection against 
the lethal action of the gas as administration immediately after the 
exposure, as can be seen from Table VII A considerable leduction m 
the mortality was still observed when the ditlnol was injected 6 to 9 
hours after exposing the ammals to arsme The ditlnol was, however, 
ineffective when administered 12 hours after the mice were exposed to 
the gas 

Table VII — Effect of Vabvtxo the Interval between Exposure to 
Arsine (0 60 Mg /Litre) and Injection of Dithiol 

Time of injection 

with respect to Total Mortality , 

tune of exposure, mortality per cent * 

hours 

4 mm exposure followed bv injection of 16 mg ditluol/kg 


-3 

2/10 

20 

0 to 0 6 

3/28 

11 

+ 3 

1/10 

10 

+ 0 

3/0 

33 

+ 23 

6/9 

67 

exposure followed by injection of 26 mg 

ditlnol/kg 

_ 2 

2/10 

20 

0 to 0 6 

2/10 

20 

+ 2 to +4 

2/18 

11 

+ G to + 8 

10/29 

34 

+ 12 to + 14 

18/19 

06 


In many of the experiments in which the dithiol leduced the mor- 
tality, extensive liaemoglobinuiia v-as noted before the animals were 
injected With one group of 8 arsme-poisoned mice injected intra- 
venously with the ditlnol, the response was in no way different from 
t at obtained after mtrapentoneal injection undei similar conditions 

Discussion 

In the introduction, three possible explanations ivere given of the 
act that for 60 per cent mortahty ammals have to inhale much more 
arsine at low concentrations than at high The experiments with mice 
s ow t e last explanation to have been correct A practicallv constant 
j *1. ar § e ) fraction of the gas inhaled was absorbed at all concentrations, 
u e toxicity of the arsine absorbed decreased mtk decreasing con- 
en ration inhaled The body must therefore possess some very effective 
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mechanism for detoxicating arsine Unless one u ere prepared to accept 
an indefinite rise in the toxicity Math increasing concentration of the 
gas, one vould have to assume at some point a change m the character 
of the median lethal exposure curve The latter was found to occur 
v ith mice in very short exposures made possible by means of the new 
gas chamber, as the concentration u as raised beyond 0 50 mg AsH 3 /litre 
It appears that the change in direction of the median lethal exposure 
curve can be explained from the manner in. w Inch the ventilation rate 
vanes according to the duration of exposure That the same processes 
n ere responsible for death throughout the entire range of concentrn 
tions studied is shown by the fact that the average survival period 
hein een exposure and death n as unchanged 

The nork done at Porton [Cameron et al , 1939, Praser, 1940] 
shoved the relationshqi between concentration of arsine (C) and the 
duiation of exposure (T) required for 50 per cent mortality to he 
characterised by the equation, C 2 T = constant, for all species of annuals 
studied It further appeared that the same median lethal exposure 
curve uould serve for all species if the results were expressed on an 
absolute time scale by correcting for differences in normal ventilation 
rate If one assumes the same percentage absorption of inhaled arsine 
for all species, it may be deduced that the median lethal dose in terms 
of mg absorbed per kg weight should be characterised solely by the 
concentration of the gas m the atmosphere, irrespective of species 
differences in the period required for inhalation of tho required amount 
of gas For what they are worth, the calculated figures for arsine 
absorbed by rabbits support this conclusion More work with other 


animals than mice is, however, necessary to deoide this point 

The only factors at present recognised as contributing to the lethal 
action of arsme are poisoning by arsenic compounds released from 
lnemolysed eiythrocytes, blockage of the kidney tubules by kmmo 
globin and decrease m the oxygen-carrying capacity of the blood 
(Thauer, 1934, Cameron e( al , 1939] All of these effects are secondary 
to the reaction of arsine mth the red blood coipuscles While it may 


he possible, from these effects only, to extilain the high toxicity of arsine 
in the higher range of concentrations, the possibility should not be ovei 
looked that the gas may produce effects distinct from the direct and 
indirect ones resultmg from its reaction rntli the red blood corpuscles 
Tins has been generally held to be impossible m view of the lapidity of 
the reaction m blood The fact, hover er, remains that, for inspired 
me to pass from the gaseous phase to the erythrocytes, it must first 
nlnsical solution m the plasma Compared with that of, for 
° L o'Aeen the solubility of arsme is high, the absorption coeffi- 
e ^\’ Whiled nntei at 20°C being arsine 0 225 [Jung, 1939] 
C ' 0 031 The total calculation time in man is about 23 seconds 

w no evidence to suggest that the reached bet "ecu arsine 
and fclierc iiU 
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and erythrocytes is so rapid, as to make it impossible for part of the 
arsine dissolved in the plasma to escape fixation by the red blood cor- 
puscles long enough for it to be earned from the lungs to organs such 
as the liver and kidney 

The results of the experiments with rabbits, in which release of 
arsenic fixed by the erythrocytes was carefully avoided, suggest that 
unchanged arsine reaohed liver, kidney and lung cells in far from 
negligible amounts In certam organs arsine might be expected to 
produce an effect as charaotenstic as that seen m blood, thus m part 
explaining its potentially high toxicity 

It seems probable that at least the greater part of the arsenic found 
by Kiese [1937, see also Heubner, 1937] in the tissues of dogs after 
chrome poisoning with arsine was derived from liEemolysed red blood 
corpuscles On the other hand, it is not unlikely that much of the 
arsenic found by Thauer [1934] and by Joachimoglu [1920] m the 
tissues of animals after quite short exposures to arsine was fixed as 
unchanged arsine 

If it is assumed that unchanged arsine has a high toxicity for vital 
organs and can reach them unchanged, the variation m the toxicity of 
the gas with the concentration inhaled, ? e with the rate of absorption 
into the body, may be explained by supposing that as the concentra- 
tion falls, a smaller proportion of the gas escapes fixation by the red 
blood corpuscles The reaction in the blood can then be regarded as 
resulting m the detoxication of the arsenic-containing moleoule from 
the viewpoint of the body as a whole The view that an arsemte is 
the most toxic arsemc-containmg compound likely to be found m the 
reaction between arsme and the erythrocytes receives some support 
from the contemporary work on this reaction by Crawford, Graham 
and Maman [1946] The contribution by arsemtes freed from hsemo- 
lysed erythrocytes to the general state of arsenical poisoning, Which 
can never be regarded as insignificant, must become predominant with 
low concentrations of arsme Its effectiveness will then be conditioned 
by the balance between the rate of absorption of the gas on the one 
hand and oxidation and excretion on the other [see Chance et al , 1946] 
The duration of exposure to 0 60 mg AsH 3 /htre required for 60 per 
cent mortality in mice was 2 4 min After an exposure of approxi- 
mately twice this duration, the mortality was brought baok to 60 per 
cent by ethane-1 2-dithiol m a dose of 17 mg /kg The median lethal 
dose of the dithiol alone was about 56 mg /kg De finin g the median 
effective dose as that reducing to 50 per cent the mortality produced 
by twice the median lethal exposure to arsme, the therapeutic range 
of the dithiol was thus about 3 (66/17) This figure does not, of course, 
necessarily hold for the exposure of mice to concentrations of arsme 
other than 0 50 mg /litre 

The ditlnol studied did not appear to react with arsme in vitro It 
VOL XXXIV, NO 1 —1947 r. 
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mechanism for detoxicating arsine Unless one were prepared to accept 
an indefinite rise m the toxicity noth increasing concentration of the 
gas, one w ould have to assume at some point a ohange m the oharacter 
of the median lethal exposure curve The latter was found to occur 
v ith mice m very short exposures made possible by means of the net 
gas chamber, as the concentration w as raised beyond 0 50 mg AsH 3 /htre 
It appears that the change m direction of the median lethal exposure 
curve can be explained from the manner m which the ventilation rate 
vanes according to the duration of exposure That the same processes 
were responsible for death throughout the entire range of concentra 
tions studied is shown by the fact that the average survival period 
between exposure and death u as unchanged 

The uorlc done at Porton [Cameron el al , 1939, Fraser, 1940] 
shoved the relationship between concentration of arsine (C) and the 
duration of exposure (T) required for 50 per cent mortality to bo 
characterised by the equation, C 2 T = constant, for all species of animals 
studied It further appeared that the same median lethal exposure 
curve v ould serve for all species if the results were expressed on an 
absolute time scale by correcting for differences in normal ventilation 
rate If one assumes the same percentage absorption of inhaled arsine 
for all species, it may be deduced that the median lethal dose in terms 
of mg absorbed per kg weight should be characterised solely by the 
concentration of the gas m the atmosphere, irrespective of speoies 
differences in the period required for inhalation of the required amount 
of gas For what they are worth, the calculated figures for arsine 
absorbed by rabbits support tins conclusion More work with other 


animals than nnce is, however, necessary to deoide this point 

The only faotors at present recognised as contributing to the lethal 
action of arsine are poisoning by arsenic compounds released from 


hsemolysed erythrocytes, blockage of the kidney tubules by hsemo 
globin and decrease in the oxygen-carrying capacity of the blood 
[Thauer, 1934, Cameron et al , 1939] All of these effects are secondary 
to the reaction of arsine with the red blood corpuscles While it may 
be possible, from these effects only, to explain the lugh toxicity of arsine 
in the higher range of concentrations, the possibility should not be over 
looked that the gas may produce effects distinct from the direct and 
indirect ones resulting from its reaction vith the red blood corjiuscles 
Tins has been geneially held to be impossible in view of the rapidity of 
, 1 reaction m blood The fact, lion over, remains that, for inspired 
6 to pass from the gaseous phase to the erythrocytes, it must first 
ar +m C nhvsical solution in the plasma Compared with that of, for 
enter i J' t ], 0 solubility of arsine is high, the absorption eoeffi- 

eXa ? P ,n distilled water at 20°C being arsine 0 22-5 [Jung, 1939], 
cients m Thc totn [ circulation time in man is about 21 seconds 

oxygen 0 0 evidence to suggest that the reactio* between amine 
and there is no 
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is likely, however, that arsine having once entered into combination 
with cellular constituents, the arsenic may be spht off by the dithiol 
Arserutes released after the reaction between the gas and erytkrooytes 
and possibly also tissue cells will at once combine with the dithiol and 
thus no longer contribute to the general state of poisoning 


Summary 


1 In experiments in which the arsenic in the carcases of mice 
exposed to arsine was determined, the percentage of the gas inhaled 
which was absorbed appeared to be approximately the same (64 per 
cent ) over a hundredfold range in gas concentration 

2 The median lethal dose of arsine for mice, in terms of the gas 
absorbed, increased with decreasing concentration inhaled, suggesting 
that arsine is rapidly detoxicated m the body At the highest con 
centration studied, the median lethal dose was 0 67 mg AsH 3 /kg 

3 The ventilation rate in mice appeared to be different in ex 
posures to arsine of different durations From this, peculiarities in the 
median lethal exposure curve may be explained 

4 The arsenic m tissues from rabbits killed immediately after short 
exposures to arsine was determined Although the tissues were freed 
from blood before haemolysis commenced', some organs, in partioulnr 
the liver, contained considerable amounts of arsenic It is suggested 
that this arsenic reached the tissues as arsine unchanged by reaotion 
with the erythrocytes 

5 Intrapentoneal injection of 17 mg /kg of ethane- 1 2 dithiol 
doubled the duration of the exposure to 0 50 mg AsH 3 per litre required 
for 50 per cent mortality m mice The median lethal dose of the dithiol 
alone was about 55 mg /kg It was effective several hours after ex 
posure to arsine 

6 Factors in gas chamber design of importance in carrying out 
toxicity determinations were studied, and a new type of chamber which 
permitted accurately controlled exposures of short duration was con 
structed 

7 It is concluded that the high toxicity of arsine m the higher 
concentration range may in part be due to the action on vital organs of 
unchanged gas reaching them in physical solution m the blood plasma 
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“AVIDITY” OF ANTI-A AGGLUTINATING SERA By D W H 
Barnes and J F Lotjtit (A Report to the Medical Research 
Council from the South London Blood Supply Depot ) 

{Received Jot publication 10 th November 1946 ) 

Test sera for use as blood-grouping reagents (anti-A and anti-B) must 
fulfil certain conditions The M R C War Memorandum No 9 suggests 
that these sera should be of high titre, free of cold agglutinins and of 
rouleaux -fornnng property, free of macroscopic fat and, in the case of 
anti-A sera, able to react strongly with A 2 and A fi B red cells The 
Medical Research Councd has established Standard Sera against 
which potential test sera should be checked A similar “reference 
standard” lias apparently been in use m the USA [Boyd, 1945] 

Other authorities recommend that test sera should also be “avid”, 
that is, capable of agglutinating the appropriate red cells quickly and 
completely This is of particular importance in blood grouping by a 
tile method In measuring “avidity” the usual standards adopted are 
those of time — the time for the first appearance of macroscopic agglutin- 
ates, or the time for agglutination to be complete, or both when a tile 
technique ib employed These measurements are not highly accurate, 
depending as they do so much on subjective impressions 

An attempt was therefore made to measure “avidity” by the com- 
pleteness of agglutination as judged by performing red-cell counts of the 
unagglutinated red cells For this, a tube method was adopted The 
results -were compared with those obtained using a timing method and a 
tile technique 

Methods 

Unagglutmated Red cell Count — Serial double dilutions with normal 
sahne of each serum were made 1 c c of each dilution was mixed in a 
test-tube (C cm x 1 cm diani ) with 1 c c of normal sahne and 20 cu mm 
of whole blood The tubes were then stoppered and mixed They 
were allowed to stand one half-hour or longer and the centrifugation 
procedure of Dacie and Molhson [1943] carried out Counts of the 
unagglutmated red cells after the centrifuged deposit had been finally 
shaken up were made on a Burker hamiocytometer chamber At least 
600 unagglutmated cells, oi those unagglutinated cells in the whole 
(7 2 sq mm ) of the leukocyte counting area, whichever figure was the 
less, were counted 
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Time of Agglutination — A white poicelam glazed tile with well 
depressions was used Two drops (0 05 c c ) of the serum-dilution and 
two drops of blood diluted with normal saline to give a 10 per cent 
led-cell suspension were mixed in a depression and the time for the 
first appearance of visible agglutinates noted 


Materials 

Freshly diaWn blood w r as used m each experiment One individual 
of sub-group Aj, another of sub-group A», provided the bloods for 
testing The A x individual was selected because her red cells were 
known to be of more than average sensitivity to anti -A iso-agglutmm, 
the Aj cells were of less than average sensitivity 

The sera tested were all anti-A sera Two were natural human 
grouping sera conforming to “standard”, two were natural human 
sera from group 0 persons specially selected for use as agglutinating 
sera for “unagglu tumble cell counts” by Dame and Mollison’s modifica 
tion of the Ashby technique, two were natural sera from persons of 
group 0 taken at random, and two more were immune sera from the 
same individuals two weeks after a single intramuscular injection of 
5 mg of group A substance of human origin [Morgan and van Heynmgen, 
1944], two others were immune human sera of specially high titre from 
individuals also given a single intiamuscular injection of 5 mg of group 
A substance, and two were absorbed immune rabbit sera prepared as 
described by Morgan and Watkins [1945], one a pooled sample of a 
number of lugli-titro labbit sera, and one an individual labbit serum 
None of these sera w r as fresh All had been stored wuthout antiseptic, 
frozen solid for periods ranging from a few weeks up to turn years, 
mostly a few r months 

Results 


Anh-A Sera and A j Bed Cells ( see Table I and fig 1) 

Unagglutmaled Cell Counts — The two “standaid” natural human 
grouping sera 271a and 273a showed low (less than 50,000) un- 
agglutmated cell counts in dilutions 1/1 and 1/1-1/ 4 respectively 
6 The two selected nntiual human sera 0 21 and showed similarly 
1 OT CO unts over a widei range of dilutions 1/1-1/s and 1/1-1/10 
• gnectively, and showed some signs of a jirozone phenomenon 
10 The two selected liigh-titre immune human sera Tag and Bro before 
t vation both showed a double zone jihenomenon , in 1/1 dilutions 
I’lTunac-lutmated cell count was moderate] v low and icry low re 
“ w risuw m the subsequent one to three dilutions and falling to 
spectiven, b ^ dlhltlons j/ 32-1/04, in later dilutions still the 

another io S Tp e same gera n f tcr inac t lvatlon s j lcme j 

counts began to rise again 



Tabu: II Unacjobtjtwated Rbd cell Counts A, Red Cells (Trees of Agglutination in Brackets ) 


“Avidity” 


3 
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only a single zone phenomenon, the unagglutinated cell count m the 
low dilutions 1/ 1-1/4 and 1/1-1/8 respectively being very high 

The two random natural 0 sera Isa 1 and Sal^ gave high 
unagglutmated red-cell counts even ml/1 dilutions The inactivated 



Pjq i Examples of v anous types of anti A sera showing the relationship 

of serum-dilution to strength of agglutination os measured by the unagglutmated 

red cell count 
A 1 red ceils 

Natural human serum {271a) 

Specially selected natural human serum (1\) 

High titre immune human serum ( Tay ) 

High titre immune rabbit serum ( Pool a) 


sera Isa , and SaL from the same subjects two weeks later after immunisa- 
tion gave low unagglutmated red-cell counts over the ranges 1/1-1/32 
and 1 / 1 - 1/16 respectively Isa. was obviously (see Table I) for the 
purpose a better serum than Sal. serum 

1 , r ,. e pooled immune rabbit serum pool a gave low or very low un- 

lutinated red- cell counts over a very wide range of dilution, 1/4-1/612 
aggiurm B &nd q ceUs gave no agglutination at any of the 

Contro single immune rabbit serum. No SS3, gave similar, 

w^^rg S >ut.n«ted f d-oeUco„„.sf ro » VM/I*. be.ood 

this upper hmit contrast with the previous results of tlio 

Agglul !na t lon a wues 
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On the other hand the two rabbit-immune sera gave Rfttisfactonly 
low counts up to 1/64 and 1/10 respectively 

It is notable that zone phenomena were not seen with the A 2 cells 
except m the case of the pooled rabbit-immune serum, and even here 
the difference m the figures is of very doubtful significance 

Aqghdmahon Times — Although these times are longer than m the 
case of the A 1 colls, the genet al pattern is the same The stronger the 
serum m each case, the shortei the agglutination tune 

In the case of A 2 cells there did seem to be some suggestive 
correlation between the degree of agglutination as measured by the 
unagglutmated cell count and the agglutination time, but it was far 
from absolute 

Discussion , 

The Measurement of “ Avidity ” — “Avidity” is usually measured by 
the time for the appearance of agglutination using a tile technique 
The authors consider that the measuiement of the time for the 
appearance of agglutination is inaccurate, as it depends so much on 
subjective visual impressions In practice, it is relatively easy to 
measure when the time is short as the agglutinates then usually increase 
m size rapidly Therefore the error is at the most of the order of some 
seconds When agglutination is slow, the agglutinates do not increase 
rapidly and a definite “end-pomt” is difficult to determine When a 
tile technique is used, an agglutination time of 30 seconds or less can 
certainly be considered as satisfactory 

Similarly, the authors consider that the measurement of the time for 
“complete” agglutination to ocour is inaccurate as it depends also on the 
subjective determination of complete oleanng of the serum This time 
was not measured m this investigation, but m all instances where such 
complete agglutination was obtained in the well-tile it was considerably 
more than the three minutes for winch each reaction was observed It 
would certainly be easier to measure on a transparent glass slide over a 
white background as recommended by Coca [1931] 

“Avidity”, as estimated by the unagglutmated cell counts when the 
agglutination has been performed in tubes, gives a good measure of the 
completeness of agglutination under the prevailing conditions When 
the counts are low (less than 50,000) the results are readily reproducible 
High counts ( > 100,000), the result of loose or incomplete agglutination, 
are not quantitatively reproducible, but qualitatively indicate that 
agglutination is not wholly satisfactory 

The marked lack of correlation between the results of the two methods 
of measurement, at least in the case of Aj red cells, suggests that different 
properties of the agglutinating sera are being measured, and that the 
use of the term “avidity” to cover both the time of agglutination (tile 
method) and strength of agglutination (tile and tube methods) is 
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unagglutmated cell counts, the agglutination times were constant in 
pattern In the case of eacli serum the less the dilution of the serum 
the more rapid was the first appearance of agglutinates (The time for 
“complete” agglutination, although not measured, appeared to hear n 
similar relationship to serum concentration ) Moreover, there was 
. obviously no correlation between the time for agglutination and the 
degree of agglutination as measured by the unagglutmated cell count 

Anti- A Sera and A 2 Red Cells (see Table II and fig 2) 

Unaggluitnated Red-cell Counts — The natural serum 273a even in 
1/1 dilution caused only loose agglutination so that there were about 
1^ million unagglutmated cells per c mm 



•pj,, o Examples or various types of anti A sera showing the relationship of 

dilution to Strength of agglutination as measured bj tho unagglutmated 
serum re d 

A . red cells 

Specially selected natural human serum (F t ) 

High titre iramuno human serum (Tay) 

High titre immune rabbit serum ( Pool a) 


mho natural selected serum F 1 gave markedly better agglutination 
, n „ p 1nw CO unts ( < 50,000 c mm ) in the 1/1 dilution 
bUfc nr+L g tvo human immune sera Tay and Isa 2 only the latter gate a 
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Summary 

“Avidity” of anti-A 'blood-grouping sera was measured by 

(а) the unagglutmated red cell count, 

(б) the time of agglutination, 

with A x and A, red cells 

With each serum agglutination tune was always shortest until the 
lowest dilution The lowest unagglutmated cell count was until A s cell 
usually m the lowest serum dilution, but until Aj cells was variable 
Agglutination time and agglutinating strength are therefore piobably 
determined by different factors m serum 

Immune rabbit sera approximated to the ideal anti- A blood - 
grouping sera rather than natural or immune human sera 

We should like to thank Dr W T J Morgan of the LiBter Institute 
for his help and for liberal supplies of immune rabbit sera 
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unjustified As “avidity” has hitherto been measured by time it is 
recommended that the term should be restricted to he synonymous 
with time of agglutination only 

The fact that with all the sera investigated the times of agglutination 
morease progressively with dilution of the sera, suggests that the physical 
properties of serum as such play a large part in this reaction This mav 
well be related to the phenomenon which permits the rapid shde 
agglutination test of Diamond and Abelson [1945] and the “conglutma 
tion” test of Wiener [1945] m Rh agglutination In both these tests 
dilution with salme is avoided and the concentration of serum kept 
equal to whole serum Glumpmg of the appropriate red cells thereby 
occurs more rapidly and the clumps, ts h ether they be true agglutinates 
or not, are massive Pillemar [1945] suggests that cerebrosides may 
play a part m shortening the time of agglutination and the plasma 
proteins, eg albumin [compare Diamond and Denton, 1946] may also 
be responsible 

When the strength of agglutmation is measured by the unagglutin 
ated cell counts of A l red cells, it is notable that high-titre sera, natural 
or acquired, frequently show a prozone phenomenon The prozone 
phenomenon was most marked with the two highest titre-immune 
human sera Tay and Bro It is possible that a low-titre univalent 
non-agglutinating antibody is present in these sera as well as the bivalent 
agglutinating antibody 

The Selection- of the Optimal Hcemaggluhnating Serum — Of the sera 
tested m this senes, those that most nearly approached the ideal 
hfemagglutmatmg serum were the two rabbit-immune sera The range 
of strongly agglutinating power for both A 2 and A 2 cells as moasured 
by the unagglutmated cell count was wide and vaned from 1/2-1/16 
and 1/2—1/64 dilutions m the two instances The time of agglutmation 
by the tile method m the case of pool a was 30 seconds or less in a 
dilution of 1/2 and 60 seconds or less m dilutions of 1/32 downwards 
These two sera had the highest titre of all the sera tested and in the 
strengths used showed no non-specific reaction, used dduted they 
caused no rouleaux-formation, and macroscopic fat and the other 
constituents of serum causing turbidity were absent In dilutions of 
j ig— 1/16 they would be ideal for tile grouping or tube grouping Rams 
ford and Morgan [1946] have already reported on the use of tins type 
of serum for the determination of blood groups The immune human 
sera although of high titre, tended to have one optimum dilution for 
tile grouping and another for tube grouping 
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THE EFFECT OF BAL ON THE EXCRETION OF ARSEN- 
OXIDES By Avebil C Change and G A Levvy From 
the Departments of Biochemistry and Pharmacology, University 
of Edinburgh 

(Received for publication 1th December 1940 ) 

Shortly after their discovery of BAL (British Anti-Lewisite, 2 3- 
dmiercaptopropanol), Stooken and Thompson [1946] showed that 
application of this substance to the skin hastened the excretion of 
lewisite in rats Some time later it was found by Eagle [quoted by 
Walters and Stock, 1945] that injection of BAL led to a more rapid 
el imin ation of arsenic in animals poisoned with arsomcals of therapeutic 
interest 

In a previous commum cation [Chance, Crawford and Lewy, 1946], 
the fate of arsenio in the body after injection of rabbits with phenyl- 
arsenoxide, mapharsen (m-aimno-p-hydroxyphenylarsenoxide) and the 
corresponding arsenic acids was described At the same time as these 
experiments, others were done in which the effect of BAL on the clearance 
of the two arsenoxides fiom the body was studied, but it has not 
hitherto been possible to publish the results of the latter A brief 
account of the work with BAL is given below It should be noted 
that it had to be terminated while still incomplete 

Experimental and Results 

The experimental procedure was described m detail in the previous 
paper [Chance et al , 1945] BAT, was mjeoted suboutaneously as a 
5 per cent (w/v) solution m peanut oil, the dosage being 30 mg /kg in 
all cases Doses of the arsemcals, which were mjeoted intravenously, 
are given m Table I ni terms of elemental arsenic The table shows 
the amounts of arsenic in the urine and faeces, expressed as pg As 
excieted for each mg As injected When the animals were sacrificed 
at the end of the seventh day, the lung, hver, kidneys aud gall-bladder 
were analysed for arsenic Since, at the most, only traces of arsenic 
Mere present, the results are not given m detail Fig 1 shows the 
cumulative dady excretion of arsenic m the urine in experiments 26 to 
28 For comparison, figures from the previous paper for the excretion 
of arsomc m the urine after the injection of a similar dose of each arsen- 
oxide, but m absence of BAL, are also plotted 
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In one experiment (No 29), in whioli the rabbit received a small 
dose of mapharsen, BAL had no effect on the late of excretion of arsenic 
m the unne, although almost quantitative clearance of arsenic from 
the body was achieved by the seventh day However, examination of 



Fio 1 — Tlic effect of BAL on the excretion of areome m the urine 


the results reveals that prior to injection of BAL 90 per cent of the 
arsenic injected had been cleared from the body, and the fraction in the 
unne was as high as was evei attained in the experiments shown m 
Table I The fact that the remaining 10 per cent i\as not immediately 
mobilised by BAL is in agreement with the findings for cases of chronic 
arsenic poisoning m man [Peters, Stocken and Thompson, 1945] 
Although BAL had a pronounced therapeutic effect, it did not alter the 
slow excretion of the small amounts of arsenic remaining in the body 

Summary 

Administration of BAL (Butish Anti- Lewisite) hastened the cxcre 
tion of arsenic in the urine of rabbits injected with plienj larsenoxide 
or mapharsen, except m one experiment m which only 10 per cent of 
the arsenic lemained in the bodj at the time of treatment 

Pei mission from the Director-General of bcientifio Research (Defence), 
ill mat i } of Supply, to publish this work is gratefully acknowledged 
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Iable I The Effect of BAL on the Excretion of Phentlarsex oxide 

AND MaPHARSEN 


(Results expressed os //g As per mg injected.) 


Experiment No 
Arsenical 

Dose, mg As/ kg 
Ponod until in 
jeetion of BAL, 
hours 

Wt of rabbit, kg 

26 20 

Phenylarsenoxide 

0 46 0 40 

1 72 

2 0 2 16 

27 28 29 

m Ammo p hj droxvphenj larsenoxide 
3 4 3 4 ‘ 0 42 

1 72 72 

IS 10 27 



y 






Urine 

Da’v 1 

620 

40 

430 

160 

470 



26 

ml 

31 

64 

130 


3 

40 

69 

49 

97 

42 


4 

30 

322 

20 

168 

22 


5 

15 

04 

12 

32 

6 


(5 

7 

30 

7 

19 

10 


7 

23 

28 

5 

12 

nil 

Faces 

Dn\ I 

no feces 

ml 

128 

no feces 

66 


2 

10 

no feces 

74 

120 

124 


3 

12 

It 

22 

32 

72 




»■ 


A 

► 


4 

2 

tt 

16 

no feces 

18 


5 

0 


2 


26 


0 

38 

10 

14 

18 

10 


7 

no feces 

7 

0 

03 

nil 

Total excretion 

729 

688 

816 

801 

989 


Discussion 

Fig 1 shows clearly the effect of BAL on the cleatance of arsenic in 
the unne Xt is interesting to note that the final level of urinary arsenic 
reached was independent of the normal rate of excretion of the arsen 
oxide, and of the fraction already excreted w hen BAL was injected 
Twenty-four hours aftei the injection of BAL, the excretion npjieared to 
settle down to its former rate Comparison of the results m Table I 
with those obtained m absence of BAL (previous paper) shoved no 
change in the rate at vlncli arsenic was excreted with the feces The 
total arsenic eliminated m the urine and faeces combined m seven days is 
shown at the foot of the table Excretion of all the arsenic injected 
would be represented by the figure 1000 The effect of BAL on the 
excretion is reflected m the absence of arsenic from the liver and kidneys 
m expenments 25 to 28 In corresponding experiments without BAL, 
these organs contained appreciable nmounts of arsenic after seven 

days 
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FACTORS INFLUENCING THE PENETRATION OF THE SKIN 
BY CHEMICAL AGENTS By H OuiiOTiBiNE, M I) , Ch B , 
M Sc (Chemical Defence Experimental Station, Porton, Wilts ) 

(Reccncd for publication 22 nd January 1947 ) 

Experience during the war with the common vesicants, mustard gas 
and lewisite, suggested that these compounds would be suitable agents 
for a study of the factors influencing the penetration of chemical com- 
pounds through the skin After penetration they produce skin reactions 
which are easily recognisable and which are capable of a quantitative 
assessment so that the experimental findings can be subjected to 
statistical control We have, therefore, used mustard gas m the 
liquid and vapour states — and lewisite (in the vapour state) as the 
vehicles for studying some of the problems of penetration through the 
skm 

Methods 

ERRATUM 

In a recent paper [Chance and Levvy, this Journal, 1047, 34, 79] the 
tern mapharsen was used to denote the substance metaamino para- 
hydroxyphenylarsenoxide This term appears to have been first used 
m tins sense by Tatum and Cooper [J Pharmacol , 1934, 50, 198] and 
has been widely adopted The term “Mapharsen” was subsequently 
registered m the U S A as a trade mark by Messrs Parke, Davis & Co 
or the henualcoholate of the above substance In this country the 
Foclilond 6 ib gold by the same firm under the name "Mapharside” 

f 1 tbfi t0rs apoJog!ae for an y harm that has he0a done to the interests 
o e firm by the fact that their name was not mentioned when the 
tern mapharsen was used, and trust that this explanation of the position 
wiU set the matter right 


lUDoo ^ 0 - vox 

time the normal untreated forearms of a large group of subjects to an atmosphere 
saturated with mustard gas vapour at 30° C These “normal” expi 
showed that — r '' 
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Table I 


Physiological 

factor 

Modification 

Method of 
modification 

Skin reaction 
compared with 
reaction of 
normal skm 


Normal Skin 



Circulation 

Capillary 

dilatation 

Application of mustard 
plaster to skm for If 
hours 

No change, though 
constant tendency 
to be reduced 

Reactive hyperemia 

Capillary 

constriction 

H I 5m hq adrenalin 
hydro chlor 

Increased (p = 0 01) 

| Stasis 

Sphygmo manometer 
applied to upper arm 
and maintained at 
200 mm Hg during 
exposure 

No change 

Sweating 

Increased 

HI 0 4 c e 2 per cont 
pilocarpine 

Reduced (p =0 01) 

Pat content of 
skin surface 

Reduced 

Xylol applied 

Increased (p=0 05) 

Ether applied 

No change 

Increased 

Adcps Lan® applied 

Reduced (p =0 06) 

Water content 
of skin 

Increased m 
skin surface 

HI 0 4 oo normal 
saline 


Increased on 
skm surface 

Water applied 

Increased (p =0 01) 


H I = Hypodermic injection 


Table H 


Local condition 
of iho skin 

Mean change 
in skm 
temperature 

Mean increase 
m moisture on 
each sq cm 
of skm 

Efiect on reaction of skm to 
vesicants 

Hot moist 

Hot dry 

+ 2 52° C 

1 6 mg 

Increased markedly (p=0 001) 

+ 2 75° C 

Nil 

Reduced (p =0 01) 

Hot normal 

+ 2 26° C 

Nil 

No significant change though 
constant tendency to reduce 

Normal moist 

Nil 

2 2 mg 

Increased (p =0 01) 

Normal drj 

Nil 

Nd 

No change 
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That is, the values we have assigned to the reactions occurring in the treated 
skin should be roughly proportional to the amount of effective mustard gas 
vapour entering that treated skin 

The experiments with lewisite vapour were performed m a similar manner 
to those for mustard-gas vapour and a s imila r numerical assessment of the 
seventy of the skm reactions produced was used 

In the experiments with hqmd mustard gas 0 32 mm diameter drops were 
placed on the skin — either of the human forearm or of the depilated rabbit 
abdomen — and the skm reaction noted 

The method of statistical analysis used for the results of these experiments 
was Fisher’s method of analysis of variance for Latin squares 

In the preliminary experiments some of the physiological properties of the 
skm were modified m turn and the effect of this modification on the reaction of 
the skm to the vesioants then determined 

In the later experiments the forearms of the subject were placed m a small 
asbestos lined chamber m which the temperature and relative humidity could 
be varied between 60° F and 100° F , and between 40 per cent and 100 per cent 
respectively The humidities were estimated by means of dry and wet bulb 
thermometers and a hair hygrometer Superficial skm temperatures were 
measured by means of a standardised thermocouple galvanometer The 
relative accuracy of the readings was about 0 1° C and the absolute accuracy 
was about 0 25° C The moisture on the surface of the skm was assessed 
roughly by drying with weighed dry cotton- wool swabs As judged by skin 
temperature and sweat estimations it was found that it took about half an hour 
for the skm to come into equilibrium with the atmosphere m the chamber 


Results 

Table I summarises the effects obtained when some of the physio 
logical properties of the skm were modified m turn 

Similar results were obtained with liquid-mustard gas, mustard-gas 
vapour and lewisite vapour, and on human and rabbit skin 
In general, we can say that the skm reaotion is increased by 

(1) capillary constriction, 

(2) defatting with xylol (defatting with ether did not significantly 

alter the reaction), 

(3) water on the skm 


The skm reaction is reduced by 

(1) applying fat to the skm, 

(2) producing sweating by the injection of pilocarpine 

In the “atmospheric” experiments the following local skm conditions 
were produced 

111 Hot moist skm — a hot, sweating skm, the sweat not evaporating 
' from the skm smce the atmosphere was saturated with water 

(2) H Xnormal (moisture) skm— a hot sweating skm with normal 

sweat evaporation occurring 
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increasing the reaction of the skin to the vesicants, so that neither the 
lactic acid content nor the acidity of the sweat can he important factors 
Agam, it can hardly he the fat content of the sweat whioh enhances its 
effects, since fat alone reduces the skm reaction 

Discussion 

In a study of the action of mustard-gas vapour, liquid mustard gas 
and lewisite vapour upon human skm and rabbit slon we have concluded 
that the reaction of skm to these vesicants is increased by outaneous 
capillary constriction during exposure, defatting the surface with xylol 
before exposure and the presence of water on the skm during exposure, 
while the skm reaction is reduced by applying anhydrous fat to the skm 
before exposure and by producmg sweating by the injection of pilocarpine 
Can we say, therefore, that moisture on the skm or local capillary 
constriction increases the amount of vesicant penetrating the skin and 
that fat on the skm decreases the amount penetrating ? 

The problem is complicated by the fact that, after penetration, some 
of the vesicant remains m the skm to produce the local reaction while 
the rest is absorbed into the general circulation Hence variations m 
the local circulation, by altering the amount of vesicant remaining m 
the skm, should alter the local skm reaction However, the mere 
application of water to the surface of the slon does increase the skm 
reactions obtained, and here no alteration m the local circulation is 
likely to have occurred Agam, a hot moist skin produces a greater 
skm reaction than does a hot dry skm where the skm temperatures, and 
presumably the local blood flows, are the same Hence, moisture on 
the surface of the skm increases the amount of vesicant that can penetrate 
the slon and, by a similar reasoning, we conolude that anhydrous fat 
will produce the reverse effect 

Our experiments give no definite indication as to the influence of 
the local blood flow on the ability of substances to penetrate the skm 
Hyperaemia, produced m a variety of ways (cold, reactive hypersemia, 
heat), had no significant effect, though the tendency in most cases was 
to reduce the skm reaction In these cases the dilatation of the local 
skm vessels presents a larger blood-absorbing area so that presumably 
more of the vesicant penetrating is absorbed mto the blood stream and 
earned away in the skm [Montz and Hennques (by communication, 
1942, unpublished) have demonstrated, with mustard gas containing 
radio-active sulphur, that about 90 per cent of the penetrating mustard 
gas is conveyed away by the circulation, the absorbing of merely 
another 6 per cent would reduce the amount available for producmg 
local effects m the skm by half ] Conversely, the injection of adrenaline, 
to produce local capillary constriction and so reduce the vascular 
absorption, should and did increase the skm reaction Moreover, as 
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(3) Hot dry skin 

(4) Normal (temperature and moisture) skm 

(6) Normal (temperature) dry skin 

(6) Normal (temperature) moist skin 

In Table II are given the changes produced by those local skin 
conditions on the reaction of the skin to the vesicants 

It will be seen that a hot moist skm shows the greatest increase in 
its reaction and a hot dry s kin the greatest reduction The presence or 
absence of moisture on the surface of the skm would seem, therefore, to 
be the deter mini ng factor Confirmation of t ins is obtamed from the 
following experimental facts — 

(1) hot dry skm when moistened with water has its reaction to 

mustard-gas vapour increased , 

(2) normal skm when moistened has its reaction increased, 

(3) a hot moist skm when dried has its reaction decreased, 

(4) there is no statistical correlation between skm temperature or 

nse m skm temperature and the reaction to mustard gas or 
lewisite 

Moisture is not the sole factor though, since hot moist skm gives a 
greater reaction than cool moist skm, and cold moist skm and cold dry 
skm give the same reaction (see Table III) 


Table IH — Effect of Cold on the Skin Reactions to Vesicants 


Condition of akin 

Effeot on reaction of skm 
to vesicants 

Cold dry 

Cold wet 

Normal moist 

No change, though constant 
tendency to be reduced 

No ohange, though constant 
tendency to be reduced 
Increased (/> = 0 01) 


(The cold skin was produced by applying rubber bags of 
ice to the forearm for half an hour before exposure to 

vesicants ) 


To be sure that we were not under-assessing the effect of heat alone, 
rms were exposed to a hot dry atmosphere with a temperature of 120° F 
L „ a i. iri reaction was even further reduced, although the skin 

Perhaps sweat on the slon behaves differently from water on the 
7 The pH of sweat is about 4 5 and is mainly due to lactic acid 
skin . 1 „. t h aqueous solutions of lactic acid and of hydrochloric 

Expenme showed that these behave quantitatn ely like vnter in 

acid at pH 4 0 suu " 
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have found that methyl salicylate, camphor and allied substances, 
when added to anti-gas omtments, increase the decontaminating 
efficiency of those omtments 


Summary 

Using the common vesicants, mustard gas and lewisite, a study has 
been made of the factors influencing penetration of the skm It has 
been concluded that penetration is facilitated by the presence of moisture 
on the skm and is hindered by the presence of fat Defatting the 
surface of the skm will increase penetration, while active sweating with 
evaporation reduces penetration The influence of a rise m external 
temperature is more complex, depending on whether the Bweat is allowed 
to evaporate away and the degree of hyperaemia produced 
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presumably most substances penetrating the skin are absorbed to some 
extent into the general circulation, we can say that local amemia ml] 
tend to increase and local hypersemia will probably reduce their effect 
on the skin 

The influence of the activity of the sweat glands would Beem to 
depend chiefly on whether the moisture they produce is allowed to 
evaporate away or remain on the surface of the skm With the hot, 
moist skins the sweat accumulated on the skm, more vesicant penetrated 
and so a greater s km reaction occurred The sweat glands of the hot, 
dry skins were similarly active but yet the skm reactions to the vesicants 
were much reduced Moreover, if gross sweating were produced 
artificially by the injection of pilocarpine then the skm reaction was again 
reduced 

Why should surface moisture facilitate skm penetration ? To answer 
this question let us consider mustard gas as an example Ogston in a 
review (unpublished) of the chemical reactions of mustard gas has pointed 
out that “there is no evidence that mustard gas reacts m vivo by any 
mechanism other than the substitution of the chlorme atom in an 
aqueous phase ” Hence, it is reasonable to postulate that mustard gas 
will penetrate and react more efficiently in the presence of moisture than 
in its absence The low solubility of mustard gas in water would be no 
hindrance to penetration, smce the ready reaction of the mustard gas 
in the epithelium would necessitate more of the mustard dissolving in 
the aqueous phase to keep the latter saturated, and so on The ohemical 
reactions involving mustard gas m the skm would no doubt be acceler 


ated by temperature m a manner similar to other ohemical processes , in 
addition, the solubility in water will increase with rising temperature 
Therefore, we should expect moist skin to give a bigger reaction than 
dry skm and hot moist skm a bigger reaction still 

As mustard gas is very soluble but relatively inert in fat, a layer of 
fat on the skm merely interposes a good solvent barrier between the 
mustard atmosphere and the skm, thus trapping the vesicant in an 
unreactive phase from which it may later evaporate away (This 
argument applies only to anhydrous fat ) 

Extreme cold, e g the application of ice to the skm, by producing 


liypermmia and also reducing the rate of reaction of mustard in the skm, 
we should expect to reduce the skm reaction 

A similar tram of reasoning could be applied to any substance whose 
biochemical reactions chiefly occur m an aqueous phase 

The above experimental findings would form the basis of a logical 
olanation for the well-established fact that hot and sweaty skm is 
more sensitive to mustard gas than is cool and dry skm Again, we 
h uld expect rubefacients, by producing a hyperaamia and therefore 
S ° j i-ncnnlar removal of mustard gas, to assist the decontamination 
ofTe'sk^ from mustard gas This indeed has proved to be so, we 


THE GLYCOLYTIC ACTIVITY OF THE HEARTS OF VERTE- 
BRATES By Jone J We and I Chang From the Depart- 
ment of Pharmacology, the National Medical College of Shanghai, 
Shanghai 

( Received for publication, 24 th January 1947 ) 

In a previous communication from this laboratory it was shown that 
hearts of higher animals such as the rabbit and turtle were more 
susceptible to asphyxia than those of the lower ones, namely, the frog 
and the eel When arranged according to their degree of susceptibility 
towards asphyxia, they ran m the following order, namely, mammalian 
heart, turtle’s heart, frog’s heart and eel’s heart [Wu, Yeh, and Chang, 
1941] Thus, while the eel’s heart could under conditions of asphyxia 
maintain an activity for a period not less than five to six hours, the 
rabbit’s heart when deprived of oxygen rapidly deohned in activity and 
became arrested m ten to fifteen minutes 

A number of workers have shown that anaerobically beating heart 
utilizes carbohydrate and converts it into lactic aoid [Nagaya, 1929, 
Eismayer and Quincke, 1930, Wertheimer, 1930] Clark, Gaddie, and 
Stewart [1934] have found that there is a close relation between the 
anaerohio activity of the frog’s heart and the quantity of lactic acid 
which it produced Gaddie and Stewart [1934] showed that a frog’s 
heart exhausted of all carbohydrate avadable for glycolysis could be 
revived rapidly and completely by glucose or any other substance 
convertible to lactic acid but not by ammo acids and fatty acids 
These observations show that the production of lactic acid from carbo- 
hydrate forms the most important if not the sole source of energy 
for the anaerobic heart 

Since the anaerobically beating heart depends upon glycolysis as the 
most important source of energy, the difference m the anaerobic activity 
of the hearts of vertebrates would be explicable on the assumption that 
hearts of lower animals which are resistant to asphyxia have a higher 
glycolytic activity than those of higher animals which are rapidly 
depressed by oxygen lack It is with this assumption m mind that a 
comparative study of the glycolytic activity of the hearts of vertebrates 
uas earned out m the present senes of experiments 

Method 

The hearts of rat, mouse, turtle, toad and eel were used They were 
removed from the ammal body and placed immediately on ice for five 
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heart Since it has been shown that the degree of susceptibility towards 
asphyxia runs in the order of mammalian heart, turtle s heart, frog s 
and eel’s hearts, these results indicate there is some correlation between 
the glycolytic activity and anaerobic survival of these hearts 

2 The Inhibition of Glycolysis by Iodoacetate — Iodoacetate is a well- 
known poison to the glycolytic system It inhibits the activity of the 
mutases which are essential for the oxido-reductions involved m the 
Embden-Meyorhof’s scheme of muscle glycolysis, namely (1) the con- 
version of tnose phosphate into glycerophosphate and phosphoglycenc 
acid, and (2) the reduction of pyruvic acid into lactic aoid with the 
simultaneous oxidation of glycerophosphate into tnose phosphate or of 
tnose phosphate mto phosphoglycenc acid [Green et al , 1937] 

Although the results of the above senes of expenments revealed a 
definite difference m the glycolytic activity of most of the hearts studied, 
the difference between the toad’s and turtle’s heart was almost negligible 
In order to extend these results, a study of the inhibitory effect of 
iodoacetate upon the glycolytic activity of the hearts under disoussion 
was made Table II shows that the concentrations of iodoacetate 

Table n — Effect of Iodoacetate on the Average Loss of Carbohydrate 
on Incubation G her 100 a of Heart Muscle Number of Esti ma tes 
nr Brackets 


Concentration 
of iodoacetate 

Eel 

Toad 

Turtle 

Rat 

1/1,000 

1/3,000 

1/5,000 

1/8,000 

1/10,000 

1/15,000 

1/20,000 

0 01 (6) 

0 21 (3) 

0 46 (9) 

0 01 (5) 

0 38 (3) 

0 53 (2) 

0 02 (5) 

0 17 (3) 

0 30 (2) 

0 00 (5) 

0 04 (6) 

0 13 (6) 

0 

Initial carbo 

1 00 (9) 

0 81 (7) 

0 76 (10) 

0 21 (5) 

hydrate 

3 26 (9) 

2 66 (7) 

4 86 (10) 

1 68 (5) 


required for the complete inhibition of glycolysis are for the eel’s heart, 
1-1000, toad’s heart, 1-5000, turtle’s heart, 1-8000, and rat’s heart, 
1-10,000 Since a tissue with a higher glycolytic activity would 
probably be less readily inhibited by iodoacetate than one with a lower 
activity, these results m general confirm those obtamed m the first 
senes of expenments showing that the glycolytic activity of the hearts 
under study followed the same order 

3 The Inhibition of Glycolysis by Acid — Clark, Gaddie, and 
Stewart [1932] have shown that the anaerobic activity of the frog’s 
heart is dependent upon the amount of buffer present m the system 
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to fifteen minutes Each heart was then divided as equally as possible 
into two to four pieces as might be required by the particular experiment 
With the rat’s and turtle’s heart, these pieces of tissue weighed approxi 
mately 100 milligrams each, in this case, one single piece was used for 
one experiment With the mouse’s, toad’s and eel’s heart, three or four 
small pieces taken from a corresponding number of hearts were used in 
one experiment m order to obtain enough tissue (weighing about 100 
milligrams) for accurate chemical analysis For the control expenments 
the tissue pieces were analysed immediately for total carbohydrate, 
while in other expenments they were either placed in Ringer’s solution 
with different pH values or in Rmger’s solution with a pH value of 8 4 
to whioh lodoacetate of vanous concentrations was added They were 
then put m an incubator at 37° C , and analysed for total carbo 
hydrate six hours later The differences m the quantity of total 
carbohydrate before and after incubation were taken as the amount of 
glycolysis which had taken place Rmger’s solution was used in the 
ratio of 1 o c of solution to 100 milligrams of tissue Solutions with 
pH values of 7 0, 6 5, 6 2, 6 0 and 5 8 were prepared by adding lactic 
acid to the stock Rmger’s solution Total carbohydrate was deter 
mined by Tsai’s method [1933] 


Results and Discussion 

1 The Glycolytic Activity m Alkaline Fluid — Shghtly alkaline fluid 
provides a favourable medium for the occurrence of glycolysis Table 1 
shows that when the tissue was incubated at 37° C m Rmger’s solution 
(pH 8 4), the glycolytic activity was highest in the eel’s heart, somewhat 
lower m the toad’s and turtle’s heart, and lowest m the mouse’s and rat s 


Table I — The Glycolytic Activity of the Heabts of Vertebrate 
in Alkaline Eletd 


Species 

No of 
expen 
merits 

Total carbohydrate content 
(g per 100 g ) 

(A) minus (B) 

(A) 

Norma] 

(B) 

After incubation 
(6 hrs at pH 8 4) 

Eel 

13 

3 33 ±0 00 

2 32 ±0 06 

1 01 

11 

2 63 ±0 08 

1 84 ±0 06 


Toad 

14 

4 75±0 09 

4 01 ±0 09 


Turtle 

8 

1 45 ± 0 04 

1 25 + 0 04 


Mouse 

7 

1 68±0 04 

1 46±0 04 


Bat 
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hearts of the vertebrates under study m the same order Hearts which 
are resistant to asphyxia have a high glycolytic > activity , winch is not 
easily inhibited either by lodoacetate or acid Since glycolysis forms 
probably the sole source of energy for the anaerobic heart, and a heart 
with a higher glycolytic activity would be more fit for anaerobio survival 
than those with a lower activity, these results seem to provide an 
explanation for the difference m the anaerobic activity of the hearts of 
vertebrates 

Summary 

1 The glycolytic activity of the hearts of mammals, turtle, toad, and 
eel was studied m vitro Under all the circumstances Btudied, such as 
the presence of alkah, lactic acid, or lodoacetate, the glycolytic activity 
is highest m the eel’s heart, somewhat lower in the toad’s and turtle’s 
heart, and lowest in the mammal’s heart 

2 Since glycolysis forms probably the sole source of energy for the 
anaerobically beatmg heart, the above results seem to provide an 
explanation for the difference m the anaerobic activity of the hearts 
of vertebrates 
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They have found that at a given pH with small volumes of perfusion 
fluid, asphyxia produces a much more rapid effect than with large 
volumes of fluid and that with a large amount of alkaline fluid anaerobic 
activity can be maintained for two or three hours, whereas with an 
equally large amount of unbuffered fluid, oxygen lack leads to rapid 
diminution m activity and complete arrest m an hour Since the 
anaerobically beating frog’s heart depends upon glycolysis as the sole 
source of energy, it is natural that its activity should be limited by the 
amount of buffer present, because the lactic acid formed by the anaerobic 
frog’s heart would be excreted into the perfusion fluid and would lower 
the pH of the latter When this reaches a certain low value, glycolysis 
is arrested and the heart deprived of all available sources of energy 
The production of lactic acid in the anaerobic heart constitutes therefore 
an important factor which limits the glycolytic and the mechanical 
activity of the heart A senes of experiments to study the effect of acid 
upon the glycolytic activity of the heart tissue was therefore earned out, 
the chief object of these experiments being to determine the pH value 
at which complete inhibition of glycolysis took place Table III shows 

Tabu: III — Effect of pH on the Average Loss of Carbohydrate on 
Incubation G fer 100 o of Heart Muscle Number of Estimates 
in Brackets 


pH. 

Eel 

Toad 

Turtle 

Eat 

5 8 

0 00 (8) 




6 0 

0 30 (8) 

0 00 (4) 



6 2 


0 28 (0) 

0 00 (6) 


6 5 



0 32 (6) 


7 0 



KIISII 

8 4 

1 02 (8) 

0 80 (6) 

0 74 (6) 


Initial carbo 


hydrate 

3 68 (8) 

2 55 (6) 

4 92 (6) 

1 67 (6) 


that the pH values required for the complete inhibition of glycolysis 
of the eel’s, toad’s, turtle’s and rat’s heart are 5 8, 6 0, 6 2 and 6 6 
respectively The inhibitory effect of acid upon the glycolytio aotivity 
of these hearts thus follows exactly the same order as that of lodoacetate, 
the mammalian heart being most easily inhibited by aoid while the eel’s 
heart least Since the production of lactic acid is a necessary accompani- 
ment of anaerobic activity and probably the only source of energy for 
anaerobic cardiac contraction, it is natural that the mammalian and 
turtle’s hearts whose glycolytic activity is readily inhibited by acid 
hould be more limited in anaerobic activity than the heart of toad and 
cel whose glycolytic activity is less easily affected by acid 

’The results of the above three senes of experiments nil place the 








THE INFLUENCE OF VITAMIN E ON OVARIAN STRUCTURE 
IN MICE By Z Mensohte From the Department of 
Anatomy, University of Edinburgh, and the Department 
of Anatomy and Embryology, Polish School of Medicine, 
Edinburgh 

(Received for publication 28th January 1947 ) 

Detailed morphological studies of ovanan structure in relation to 
vitamin E have been made, so far, only on rats, and these have been 
with reference only to vitamin E deficient diets, and not to diets rioh 
in vita min E The results of different investigators vary considerably , 
most of them failed to find any morphological changes in the ovaries 
of vitamin E deficient rats The first authors who made histological 
studies of the ovanes of rats fed on diets, the composition of which 
had proved to be vitamin E deficient, were Mattill and Stone (1923], 
they did not find any changes m the ovaries Other authors, e g 
Evans and Burr [1927], Umer [1931], Juhdsz-Schaffor [1931], and 
Stabler, Hebestreit and Fladung [1940], also state that the rat ovary 
during E-avitaminosis furnished a normal picture Irregularity of 
oestrus, and disturbances m ovanan function, m connection with 
vitamin E deficiency, were observed by Blumberg [1935], Vloek [1938], 
and Bomskov and Schneider [1939] 

Only three papers — Martin and Moore [1939], Bisceghe [1928], 
Miiller [1939] — -record morphological changes m the rat ovary during 
vitamin E deficiency, but the observed changes differed m many points 
The lack of morphological study of ovanan structure in relation 
to vitamin E m other animals than rats prevents the drawing of any 
general conclusion regarding the influence of this vita min on the 
structure and function of the female gonad Yet, m general, comparison 
of the behaviour of different species is of great value m vitamin 
researches 

Matebial and Experimental Me thods 

The colony of mice was bred in the Department of Anatomy and 
Embryology, Polish Sohool of Medicine, University of Edinburgh, 
from a few purchased fitters of M R C strain The experiments were 
made on 137 females from 39 fitters bom m the Department Each 
fitter was divided as evenly as possible between the diets used during 
the experiments If a fitter consisted of two females only, the vita min 
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THE INFLUENCE OE VITAMIN E ON OVARIAN STRUCTURE 
IN MICE By Z Menschik From the Department of 
Anatomy, University of Edinburgh, and the Department 
of Anatomy and Embryology, Polish School of Medicine, 
Edinburgh 

(Received for publication 28 Ih January 1947 ) 

Detailed morphologioal studies of ovarian struoture m relation to 
vitamin E have been made, so far, only on rats, and these have been 
with reference only to vitamin E deficient diets, and not to diets noli 
m vitamin E The results of different investigators vary considerably , 
most of them failed to find any morphologioal changes in the ovanes 
of vita min E deficient rats The first authors who made histological 
studies of the ovanes of rats fed on diets, the composition of which 
had proved to he vitamin E deficient, were Mattill and Stone (1923], 
they did not find any changes m the ovanes Other authors, e g 
Evans and Burr [1927], Umer [1931], Juhdsz-Schaffer [1931], and 
Stahler, Hebestreit and Fladung [1940], also state that the rat ovary 
during E-avitammosis furnished a normal pioture Irregulanty of 
oestrus, and disturbances m ovanan function, m connection with 
vitamin E deficiency, were observed by Blumberg [1936], Vloek [1938], 
and Bomskov and Schneider [1939] 

Only three papers — Martin and Moore [1939], Biscegke [1928], 
Muller [1939] — record morphological changes m the rat ovary during 
vitamin E deficiency, but the observed changes differed in many points 
The lack of morphological study of ovanan structure m relation 
to vitamin E m other animals than rats prevents the drawing of any 
general conclusion regarding the influence of this vitamin on the 
structure and function of the female gonad Yet, in general, companson 
of the behaviour of different species is of great value in vitamin 
researches 

Matebial and Expebc.ee nt al Methods 

The colony of mice was bred m the Department of Anatomy and 
Embryology, Polish School of Medicine, University of Edinburgh, 
from a few purchased litters of M R G strain The experiments were 
made on 137 females from 39 fitters born m the Department Each 
fitter was divided as evenly as possible between the diets used duxmg 
the experiments If a fitter consisted of two females only, the vita min 
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E deficient and control diets had priority The number of animals 
on each diet examined during three age-penods is shown in the Analysis 
of Results 

Five diets were used during the experiments 

1 Diet “N” 1 was a stock, laboratory standard diet modified 
slightly from Thomson’s diet [1936], fresh lettuce being the mam 
natural source of vitamin E m a moderate dose Breeding animals, 
stock and control animals were kept on diet “N ” 

2 Diet “B” 2 was a vitamin E deficient diet [see Emerson and 
Evans, 1937, McCollum, Rask, and Becker, 1928] In preparing this 
diet, weighed starch was cooked and mixed, after cooling, with the 
remaining constituents The simultaneous presence of cod-hver oil 
and lard would inactivate possible traces of vitamin E in this diet 
[Cummings and Mattill, 1931 , Mattill, 1940, MacKenzie and McCollum, 
1941] 

Diet “B” was tested biologically for absence of vitamin E In 
a prebmmary experiment, all five mice receiving the diet showed 
typical resorption-gestations 

3 Diet “K” 3 was identical with diet “B ”, the sole difference 
bemg that mice fed on diet “K” received synthetic alpha-tocopherol 

1 Diet “N”— Stock and control diet 

14 per cent dried milk rat cake, manufactured by The North Eastern 


Agricultural Co op Soo Ltd , Aberdeen 
Wheat offal (fine bran) 

17 7 per cent 

Ground wheat 

17 7 „ 

11 

Sussex ground oats 

17 7 „ 

ft 

Dried skimmed milk 

14 0 „ 

ft 

Ground barley 

88 „ 

ft 

Ground maize 

8 8 „ 

ft 

Meat and bone meal (50 per cent protein) 

88 „ 

11 

White fish meal (04 per cent protein) 

46 „ 

11 

Dried yeast (40 per cent protein) 

12 „ 

11 

Salt 

04 „ 

11 

Cod hver od 

- 04 „ 

11 


Fresh lettuce (twice weekly) 

Fresh milk (twice weekly) or tap water (remaining days of week) 

J Diet “B” — Vit amin E deficient diet 

Vitamin E deficient fat nch cake, prepared every 10 days m the Labornton 


Casern (Argentine, 90 mesh) 

27 0 per cent 

Wheat starch 

35 0 „ „ 

Pure lard 

22 0 „ „ 

Dried brewer’s yeast 

10 0 ,, ,, 

Salts, McCollum No 185 

4 0,, ,, 

Cod liver oil 

2 0 „ „ 


Tap water 

3 Diet* K” — Vitamin E rich diet 

Vitamin E deficient fat rich cake, the same as m diet “B” supplemented 
(except on Sundays) with 

Synthetic Vitamin E, alpha tocopherj 1 acetate solution m oln c oil 
( ‘Ephynal” Roche) mdailj dose of 2 5 mg of alpha tocopherol (0 05 c c ), 
solution was administered orally In means of a micro synngo 
Tap water 
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diet “K” prolongs the ovulatory funotion of the ovary m mice and 
maintains it when this function normally begins to decline with 
increasing age 


Via adipose Tissue 

L NEUTRAL EATS) 
IN MESOVARlUM 


VII LIPIDS 

OTHER THAN (tUTHAL 


VI PRIMORDIAL OVA 


V KIERFOLUCULAR 




DIET _N STOCK AND CONTROL AHMNJS 

DIET B VTTAMN E-OEHC1ENT ANWALS 

DET K V1TAMN E RICH ANMALS 

WET Wl ALL VITAMNS-DEFICIENT ANWALS 

OUT E ALL VHAMMS-DEnOENT BUT V1TAMW E R*CH ANWALS. 


Females on diet “ W ” (all vitamins deficient) and diet “E” (vitamm 
E rich, all other vitamins deficient) die before reaching sexual maturity 
Follicles of all Kinds — The total number of follicles of all kinds 
does not show any substantial difference on diets “N,” “B”, and “K” 

4 Vet, on diet “B” the follicles are poor in follicular cells, and on diet 
"'K”, on the contrary, each follicle is rich in these cells 

Follicular Cells (fig 1, II) —On all diets the amount of follicular 
cells keeps on an almost uniform level till approximately the 300th 
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Serial sections were made of the ovaries of animals, fed on appro 
pnate diets, whioh were killed or had died after 7, 21, 29, 35, 63, Ul, 
179, 196, 270, 272, 369, 371, 438, 459, 462, 533, 553, 587, 611, 633, and 
791 days of diet For the purpose of comparing the experimental 
results, animals of the same age, mainly htter-mate sisters, and after 
exactly the same periods of different diets, were taken for examination 
They were killed by a large dose of ether administered by inhalation. 

After a macroscopic examination, the ovary of one side was fixed 
in Bourn’s fluid and embedded in paraffin-wax, and complete senal 
sections 10 microns thick were made The results are based on 68 
complete series The ovanes of the other side were fixed in 4 per cent 
buffered formaldehyde-saline solution [Carleton and Leach, 1938], 
and sections were made by the freezing microtome for the study o 
lipids m the ovarian tissue 

Seotions were stamed by different methods in order to show no 
only the general structure of the organ, but also the behaviour o 
connective tissue, lipids, and other structural details Seotions were 
mounted in euparal, Canada balsam, or glycerol jelly 


Expebeuental Results 


The results of the experiments are diagramatically represente m 
fig 1, and show progressive course of characteristic ohanges, eac 
mam structural part of ovanes is represented separately and estinia e 
quantitatively , , 

Sexual Maturity and Corpora Lutea (fig 1, 1) — Female mice on 
“ff” (control) show corpora lutea, an index of sexual maturity, on 
60th day of life on an average, which corresponds to the findings o 
Mirskaia and Crew [1930 a, 1930 6] The number of corpora lutea 
remains throughout life roughly on the same level, but deolmes a e 


the 500th day , 11Tlfev 

Females on diet “B” (vitamin E deficient) attain sexual maturity 

usually a little later — approximately 30 days later — than contro ’ 
and they show more corpora lutea, the increase m corpora lutea 
due rather to persistence— corpora of different ages can be found m 
the sections— than to the rupture of more follicles at one ffistrus 
After 300 days of diet “B” the number of corpora lutea falls ratn 
abruptly, so that the presence of corpora lutea after 400 days on tin 

^FenS'on diet “K” (vitamin E rich) attain sexual maturriy 
, , earlier — 16 days earlier on an average— than control ammais 

y u Banh comus luteum is usually a little larger in comparison 

A] bough ea. l> corpM ‘u „ / b ie3a than m control 

m th control-. then ^ ^ ^ „ K „ doe> „ surposs ,h B htl, 

JSTnmber rf corpora lutea ut controls It seems, therefore, that 
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Inter follicular Tissues (fig 1, V) —This tissue m the mouse ovary 
is of germinal epithehum origin (Brambell, 1928] On diet “N” the 
mterfolhcular tissue is m moderate amount, slowly mcreasmg with 
age to the 400th day, and then suddenly falling to a very small amount 
Diet “B” interferes with the development of mterfolhcular tissue 
to such an extent that the curve runs not far from zero 

Diet “K” markedly stimulates the germinal epithehum to produce 
mterfolhcular tissue The maximum of the curve falls between the 
350th and 450th days of vitamin E noh diet At this age all groups 
of mice demonstrate an mcrease m the amount of mterfolhcular tissue, 
very pronounced on diet “K”, though only moderate on other diets 
On diet “W” the mterfolhoular tissue rapidly disappears 
On diet “E” the amount of this tissue, so long as the animals hve, 
is greater than on control diet “N” 

As the mterfolhcular tissue is more abimdant on diets “K” and “E” 
(vitamin E noh diets) than in controls, and on the contrary disappearing 
on diets “B” and “W” (vitamin E deficient diets), the conclusion 
seems to he justified that vitamin E stimulates the formation of inter- 
follicular tissue 

Primordial Ova (fig 1, VI) — The number of primordial ova observed 
in ovaries declines normally with age The diagram demonstrates, 
however, that on vitamin E nch diets (“K” and “E”) the number is 
always higher, and on vitamin E deficient diets (“B” and “W”) always 
lower, than on the control diet (“N”) 

Lipids other than Neutral Fat (fig 1, VII) — Besides a mmute amount 
of hpids which make a periodical appearance m corpora lutea [Deansley, 
1930, Eekete, 1941], some hpids, other than neutral fat, appear m 
normal, diet “N”, ovarian tissue m a very small amount, but m ageing 
mice only and not earlier than 400 days 

These lipids, however, appear m very large quantity on diet “B” 
They are formed as early as the oOth day of the diet approximately, 
and their amount progressively rises so constantly that, after the next 
500 days of the diet “B”, hpids other than neutral fat account for 
almost 95 per cent of ovarian content The rise of the curve is most 
steep between the 300th and 450th days of the diet 

In animals on diet “K” a minute amount of these hpids was found 
only in two animals above 570 days of age, when the ovaries of control 
animals showed a small, but obvious amount of these substances 

Lipids other than neutral fat were not observed m animals on 
diets “W” and “E” 

These hpids, so characteristic for diet “B” (vitamin E deficient), 
can be demonstrated not only m sections made by the freezing micro- 
tome method, but also by the paraffin-wax technique, they are, 
therefore, not soluble in alcohol, benzene, and xylene (xylol) Attempts 
to dissolve these hpids m ether, chloroform, acetone, absolute alcohol 
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da 7 diet), and it then gradually declines, due 
onieny to a decrease in the number of follicles in general, m anim als 
approaching old age 

In animals on diet B ’ the total amount of folhcular cells is 
a ou a the amount in control animals and declines with age alm ost 
parallel with the corresponding line of diet “N” 

Diet K mduces an increase of total amount of folhcular cells 


in comparison with the control diet The peak of the curve occurs 
approximately on the 300th day of age (280th day of diet), thereafter 
“ N ,,CUr ” S1< ^ eS lrre o ularl y> ^ ess steeply m general, than on diets 


Animals on diets “W” and “E” show an moreased number of 
follicles and consequently of folhcular cells also, but the majonty of 
follicles undergo necrotic changes The amount of folhcular cells on 
diet “E” is shghtly higher than on diet “W” 

Primary Follicles (fig 1, III) — On diet “N” the number of primary 
follicles, after a long run on an almost even level, gradually declines 
as the animal approaches old age 

Animals on diet “B” show rather quickly — after a few days only 
on this vitamin E deficient diet — fewer primary follicles than controls 
After 65 days of diet B ” the number of primary follicles is very small, 
and it remains so untd about the 500th day of the diet when it declines 
to zero 


Anim als on diet K ” show an moreased number of primary follicles 
The ourve goes up gradually, till the 400th day of age (380th of diet), 
then falls rather steeply to reach zero about 100 days later 

Animals on diets W” and “E ” lose promptly the ability to produce 
new primary follicles 

Degenerating Follicles (fig 1, IV) — On diet “N” the proportion 
of follicles undergoing atretic involution (Engle, 1927] is low, and 
keeps more or less the same level during the whole life 

On diet B this proportion is of smaller value than m controls 
On diet K the proportion of folhcles which undergo involution 
— the type of change is closely similar to the normal phenomenon on 
diet “N” — is very high, reaching almost 50 per cent between the 
150th and 350th days of the diet During prolonged diet “K” (begin- 
ning from 465th day of the diet) haemorrhages mto folhcular cavities 
are often observed, a phenomenon which does not ocour on any of the 
other diets 

In the diagram, the curves for diets “W” and “E” are rising, but 
in this case one deals with normal atretic involution m a small degree 
only and mostly m the first days of the diet, necrosis of folhcles is 
the mam feature The lack of marked difference between diets “W” 
and “E” seems to prove that vitamin E, acting independently, has 
little importance, if any, for keeping the folhcles healthy 



The Influence of Vitamin E on Ovarian Structure m Mice 105 

\ 

rich diets, on prolonged administration of these diets they show 
(c) very marked differences in comparison with controls 

(a) Animals 4 Weeks old to 11 Weeks old kept 1 Week to 8 Weeks 
on Appropriate Diet 

Diet “N” —The ovaries of these eight control animals are typical 
of the ovary of the normal animal From 8 weeks of age the animals 
are sexually mature and some corpora lutea are present, follicles are 
m various stages of development and a few of them are atretic (PI I, 
fig 2) Primordial ova are numerous owing to the young age of the 
animals Cords of mterfollicular tissue, composed of a few layers of 
epithelioid cells, can be found almost constantly between the follioles 
The medullary part of the ovary is small In the mesovanum, a 
moderate amount of adipose tissue is seen 

Diets “jB” and “K” — The ovaries of six vitamin E deficient 
animals (diet “B”) have no corpora lutea in contrast to animals on 
diets “N” and “K” which possess them, the latter fewer, but the other 
constituents exhibit almost any deviation from the normal structure 
of the ovaries of control animals 

The ovanes of eight vitamin E rich animals (diet “K”) show few 
corpora lutea, which made their appearance on an average a fortnight 
earlier than m controls There are slightly more follicles, and they are 
richer m follicular cells than those of animals on diets “N” and “B” 
There are also more primordial ova Interfolhcular tissue is much more 
abundant than in diets “N” and “B”, and it is present not only in 
the form of cords between follicles but also as dusters of this tissue 
(PI I, fig 3) In the mesovanum, there is approximately twice the 
amount of adipose tissue formed in normal animals of the same age 
Diets “ W ” and “ E” — Ovanes of the rune animals fed on diet “W” 
are very small, and consist of connective tissue and of many, usually 
small, follicles most of which show a colliquative necrosis (PI I, fig 4) 
There are very few primary follicles and pnmordial ova, and almost 
all the ova have abnormal granular cytoplasm with ill-defined outline 
of the nucleus Interfolhcular tissue is absent In the mesovanum 
no fat can be found 

Ovanes of the eleven animals fed on diet “E” show changes 
resembling animals kept on diet “W”, but with the following mam 
differences follicles contain more follicular cells, mterfollicular tissue 
is present though m moderate amount , there are more pnmary follicles 
than m diet “W” and some of them are normal in appearance, and, 
what is moat conspicuous, there are very many pnmordial ova (PI I, 
fig 5) most of them showing all details of normal structure 
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find ethBr in equal parts— 14 hours in each solvent— showed that then 
so u ty is very li mite d and inconstant Sta inin g of freezing technique 
sec ions by Sudan 111 and Scarlet It has shown that these lipids take 
s am with less intensity than neutral fat which gives the corresponding 
eat They do not stain uniformly by Smith-Dietnoh’s technique for 
pmes , some parts only of them give a positive reaction Usually 
in each ^cell that contains these lipids, a fraction of them consists of 
hpines (chiefly lecithin), the remainder being lipids which do not 
give a positive Smith-Dietnoh reaotion The hpids m question are 
now under more detailed investigation in connection with their appear 
ance also in many other organs than ovary So far, it can be said 
that they are a mixture of different hpids other than neutral fat in 
conjunction sometimes with a pigment 

Adipose. Tissue (Neutral Fat) m Mesovarium (fig 1, VUT) — The 
amount of adipose tissue, the cells of which are filled mainly with 
neutral fat m the mesovarium, m animals on diet “N” (controls) is 
approximately on the same level throughout life 

In animals on diet “13 ” (vitamin E deficient) the adipose tissue is 
scarce, and disappears completely after about 380 days of the diet 
On diet “K” (vitamin E rich) the amount of adipose tissue quickly 
rises, and is soon — after 50 days of the diet — three times greater than 
m control animals This level is mamtamed until the 480th day of 
the diet, and then it rises suddenly again to reach, after 590 days of 
the diet, an amount surpassing the amount in a control animal roughly 
rune times In addition, beginning at 460 days of diet "K”, cells 
filled with neutral fat appear m the ovarian tissue along the vessels 
and m corpora lutea 

On diets W ’ and “E” the adipose tissue promptly disappears 
Analysis of Results 

Summarising the above results, it can be said that the changes 
concern (1) elements of germinal epithelium origin (prunordial ova, 
follicles and mterfollicular tissue), and (2) quantitative and qualitative 
disposition of hpids m the ovary and its neighbourhood (mesovarium) 
On diets B and W (vitamin E deficient) elements of germinal 
epithelium origin were decreased, and on diets “K” and “E” (vitamin 
E rich) were increased In animals kept on vitamin E deficient diet 
neutral fat disappeared from the mesovarium, and hpids other than 
neutral fat made their appearance m ovarian tissue, and on vitamin 
E rich diet the amount of neutral fat was markedly augmented 

Erom a generalised statistical analysis it can be found that the 
experimental animals show (a) only very slight changes during the 
first six weeks of experimental diets, and ( b ) moderate, but obvious, 
changes during the first year of vitamin E deficient and vitamin E 
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Diets “B” and ’* K" — The ovanes of twenty-six vitamin E deficient 
(diet “B”) ammals are relatively large, hard, and yellowish m macro- 
scopic examination Their histological piotures (PI II, figs 9 and 10) 
show grave abnormahties very few corpora lutea and folholes, 
primordial ova and mterfolhoular tissue very scarce or completely 
absent The medulla, filled copiously with cells containing lipids other 
than neutral fat, has mvaded the cortical part of the ovary, and m 
some places reaohes the surface of the organ In the final stage of 
vitamin E deficiency the ovanes have no resemblance at all to a normal 
ovanan picture under flattened germinal epithelium, the whole organ 
is a mass of cells well filled with lipids other than neutral fat, in that 
mass few clusters of connective tissue cells can be found, and there 
are few islets of cells resembling follicular cells but not establishing 
any regular folholes and without ova, primordial ova, follicles, and 
corpora lutea are lacking, occasionally one can find some single cells 
resembling cells of interfolhcular tissue The mesovanum contains 
no adipose tissue whatever, and consists of fibrous connective tissue 
and plam muscle fibres 

In contrast with the ovanes of ammals on diet “B”, the female 
gonads of fourteen vitamin E rich (diet “K”) ammals are smaller than 
m controls, yet their histological picture resembles that of a normal 
ovary with the chief differences the interfolhcular tissue is conspicu- 
ously more abundant , more normal and degeneratmg follicles are seen 
(Pi n, fig ii), some degeneratmg folholes contain blood, and a few 
adipose tissue cells, filled with neutral fat, can be found along the 
vessels There, are no lipids 1 which are so prominent m vitamin E 
deficient ammals and which, in very small amount, make their appear- 
ance m control animals In the mesovanum and subpentoneally m 
the neighbourhood of the ovary, the amount of adipose tissue is so 
enormous that there was m a few cases some difficulty during autopsy 
m finding the ovary itself m the fatty tissue 

In addition to the macroscopic and microscopic changes in the 
ovanes, there is a striking difference in the general appearance of mice 
on diets “B”, “EL”, and “N” m regard to the amount of subcutaneous 
and subpentoneal fat Ammals on diet “B” (vitamin E deficient) 
show a pronounced leanness, ammals on diet “EL” (vitamin E rich) 
show a marked obesity, the diet “N” (stock) animals occupying a 
middle place (PI II, fig 12) 

Discussion and General Conclusions 

Previous Findings — A histological study of ovarian structure in 
mice m relation to vitamin E not being available, the results that have 
been obtained can be compared only with the descriptions of rat ovanes 

. , 1 ■k) two anunala, however, a few scattered cells, with minute amount of lipids 
other than neutral fat, had been found 
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(b) Animals 12 to 55 Weeks old kept 9 to 52 Weeks on 
Appropriate Diet 

Diet “A r ” — The ovaries of these fourteen control annuals are 
normal mature organs (PI I, fig 6) 'with few corpora lutea, all about 
the same stage as they all originate from the last oestrus or at most 
from the two last periods, and with a small number of primary follicles 
and primordial ova 

Diets and “ K” — The ovaries of twelve a nim als on diet “B” 

contain a great number of corpora lutea which take the stain m different 
degrees, an indication, according to Allen [1922], that they are of 
various ages and originate from several periods of oestrus Follicles 
are scarce and small, with few follicular cells, but they are usually 
maturing There are fewer primary follicles and primordial om 
than in controls, and much fewer than in animals on diet “K” Cords 
of interfolhcular tissue are scarce and consist of a row of single cells 
The medullary part of the ovary gives off branches which wedge in 
between corpora lutea In the medulla, near the hilum, and between 
corpora lutea, numerous cells forming disseminated agglomerations 
can be seen, most probably of connective tissue origin and macrophages, 
filled with hpids other than neutral fat In the mesovariuni the amount 
of adipose tissue, consisting almost entirely of neutral fat, is less than 
half of its amount in controls 

The ovaries of ten animals on diet “K” show few corpora lutea, 
usually of last oestrus origin Although the number of follicles is 
approximately equal in this and control diets, the follicles in diet “K’ 
consist of more layers of follicular cells in comparison with diets “N 
and “B”, and more of them undergo an atretic involution There are 
many more primordial ova than m the controls, and numerous mitoses 
are observed m the germinal epithelium The interfolhcular tissue 
forms a considerable part of the ovanan structure m the form of tlnok 
multi-layered cords and of spherical or irregular clusters and agglomera 
tions (PI I, fig 7) In the mesovanum, adipose tissue is much more 
abundant than in control animals 

(o) Animals 56 to 116 Weeks old kept 53 to 113 Weeks (over 
One Year) on Appropriate Diet 

Diet “N” — The ovaries of these nineteen control animals show all 
elements of ovanan structure adequately developed (PI II, fig 8), 
although the mice are approaching old age There are only fewer 
primordial ova, fewer developing follicles, and less interfolhcular tissue 
than m younger animals, the diminution in structures of epithelial 
orimn is exphuned, however, by the age of the annuals Also a very 
small number of cells, filled with hpids other than neutral fat, appear 
m the medullary part of the ovary 
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A more or less generalised, conclusion may be drawn that vitamin E 
has some connection with the normal structure and development of 
germinal epithelium 

Lipids — Bisceghe [1928] had noted some increase of “lipoids” in 
the rat ovary during vitamin E deficiency, but he did not attribute 
much importance to this observation since he did not mention it in the 
general conclusions and summary of his publication 

In the analysis of the results of the present research, the changes 
m the amount of lipids in the mouse ovary are the most conspicuous 
phenomenon 

During vitamin E rich diet no other lipids than neutral fat appear 
m the ovary and, moreover, the adipose tissue, containing neutral fat, 
is very abundant in the mesovanum and, as previously reported 
[Menschik, 1944], m subcutaneous and subpentoneal tissues During 
vita min E deficient diet, the adipose tissue disappears with a simul- 
taneous appearance in ovarian tissue of lipids other than neutral fat 
It should be remembered that both diets, vitamin E rich and vitamin 
E deficient, have been identical in all constituents except synthetic 
vitamin E Under the experimental conditions of my investigations, 
vitamin E promotes the production of neutral fat m an abnormal 
quantity, and lack of vitamin E induces the appearance m the ovanes 
of a mixture of lipids other than neutral fat These lipids — although 
connected often with a pigment, recently observed in rats during 
vitamin E deficiency by Mason and his co-workers m ovaries, muscles, 
and adipose tissue [Mason and Enamel, 1944, 1946, Mason, Dam, and 
Granados, 1946] — are composed mainly of unsaturated fatty acids, 
phospholipids, and cholesterol, as preliminary investigations [Menschik, 
1940] had shown 

A general conclusion may be suggested that vitamin E is connected 
m some manner with lipid metabolism 

Physiological Function — The physiological funotion of vitamin E 
is still obscure 

Mason [1933], being first to discuss the physiological role of vitamin 
E, suggested that the vitamin is necessary for normal synthesis of 
nuclear chromatin John [1939] attributed to vitamin E a role in the 
oxidation-reduction mechanism of cells Adamstone [1934] abandoned 
his own idea of a role m cell-proliferation and replaced it by the hypo- 
thesis that the vitamin is related to the metabolism of anthracene 
compounds [Adamstone, 1941] Shute’s [1936] idea of equilibrium 
between vitamin E and cestrogens has been criticised [Cuthbertson and 
Drummond, 1939] 

A connection of vitamin E not only with steroids but other lipids 
also has been suggested Ever smce Morguhs and Spencer [1936] found 
a disturbance m the amount not only of cholesterol but also of total 
lipids, an interrelation of lipids and vitamin E has been voted by an 
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during vitamin E deficiency recorded by many authors His tological 
sections, however, have usually not been serial, wheat-germ oil has 
been used as the source of vitamin E instead of a synthetic substance, 
and the duration of the experiments has not exceeded 360 days Most 
of such investigations have given negative results 

Martin and Moore [1939] found ovarian cysts during vitamin E 
deficiency 

Bisceghe [1928] describes, in a few rats (10 experimental animals 
and 10 controls), changes in the ovanes during vitamin E deficiency, 
serial sections having been made He found marked changes — only 
after 170 days of vita min E deficiency, and that only in one animal — 
concerning especially the folhcles with complete degeneration of 
germinal epithelium and with an increase of “lipoid” substances in 
interstitial cells Control animals receiving the same avitaininous 
basic diet, supplemented with wheat-germ oil, retamed a normal 
ovarian structure till the end of his experiment 

Mullei [1939] found in rats that during E-avitaminosis the ovarian 
cycle is retained for a long time, and there are no structural changes 
in the gonads Nevertheless, after longer duration of avitaminosis 
not sooner than during the 6th month — he observed in some animals 
conspicuous changes m the ovanes, the whole organ being smaller at 
the expense of follicle-producing tissue He found fewer maturing 
follicles, and follicular cells showing regressive changes In the final 
stage, m the ovary, reduced to one-tenth of the normal mean weight, 
not a single normal mature follicle could be seen, only a few single, 
old corpora lutea were present, and the small-celled interstitial tissue 
was especially abundant 

Recently Mason and Ernmel [1944] observed during vitamin E 
deficiency, in the ovanes of rats, a gradual accumulation of pigment 
which they regarded as an abnormal product, probably an unusually 
stable protem-hpid combination, liberated m an otherwise normal 
process of cell degeneration m atretio folhcles and regressing corpora 
lutea 

Germinal Epithelium — The results of my experiments on mice show 
that primordial ova, primary folhcles, the total amount of follicular 
cells and mterfolhoular tissue — all elements of germinal epithelium 

origin were increased by administration of vita min E, and decreased 

in vitamin E deficiency 

Although Bisceghe and Muller have obtained results with rats 
different, m some respects, from my results with mice, the positivo 
results of both researches, nevertheless, are in accord in showing that 
m vitamin E deficiency the germinal epithelium of the ovary is handi- 
d This is to some extent analogous with the changes observed 
bv many authors in the rat testis [Evans and Burr, 1927, Mason, 1940, 
and others], although not in mice [Goettsch, 1942] 
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e o vious differences of ovarian structure, in mice on vita min E 
oien an vitamin E rich, diets, described and illustrated in tins 
paper seem to support, from a morphological pomt of view, the sugges 
tion ot a close functional relationship between vitamin E and hpids 


StJiniAsr 

seriu | histological study has been made of the ovaries of mice 
e om t e day of weaning on several different diets, the principal 
a B deficient diet and one containing alpha-tocopherol 

( P yn Roche) as the only vitamin E source Control animals 
were ept on stock diet, lettuce bemg the mam source of vitamin E 
Animals were examined after periods ranging from 7 to 791 days of 
the particular diet 

1 Animals on vitamin E rich diet, compared with controls, show 
ovaries with more primordial ova and primary follicles follicular cells 
an mterfolhcular tissue of epithelial ongm are more abundant, but 
egeneratmg follicles are numerous there are fewer mature follicles 
and corpora lutea, both of which are enlarged After prolonged vitamin 
no diet the ovary is small with degeneratmg follicles containing 
oo neutral fat is present m the ovarian medulla and adipose tissue 
is extremely ftbimda-iifc in fclie mesov&num 

2 Animals on vitamin E deficient diet, compared with controls, 
show ovaries with fewer primordial ova and less mterfolhoular tissue 
follicles contam fewer folhoular cells corpora lutea are increased, but 
are smaller and of vanous ages medullary hpids, not readily soluble 
m fat solvents, are prominent, yet there is complete absence of neutral 
fat m both ovary and mesovarmm As the vita min E deficiency 
contmues, the hpids mvade the ovarian cortex After prolonged 
vitamin E deficient diet the ovary, comparatively large, is hard and 
yellowish and contains only cells filled with hpids other ’than neutral 
fat 

The ovarian changes summarised under 1 and 2 appear to be 
quantitative rather than qualitative, but it seems certain that vitamin 
E stimulates the development of all elements of germinal epithelium 
ongm, and that it influences fat metabolism in the ovary and its 
neighbourhood so that neutral fat increases, while the formation of 
other hpids is inhibited 
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EXPLANATION OF FIGURES 

Fxo 1 — Diagrammatic representation of different parts of ovarian structure during 
control and experimental diets 

I The number of corpora lutea m one ovary 
II The mean percentage of the surface of ovarian sections ocoupied by folhoular cells. 
j f f Tho mean number of primary follicles m ono o\ anan section 
IV The percentsge of follicles undergoing degenerating changes 
V The mean percentage of the surface of ovarian sections occupied by lnterfolbciuar 
tissue 

VI The mean number of primordial ova m one ovarian section 
VIL The mean percentage of the surface of ovarian sections occupied by colls fillod mtu 
lipids other than neutral fat , , 

VHX The mean proportion of sectional area occupied by pcnoiarinn adiposo tissuo to 

seotional area of ovary 
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Plate I 

Fid 2 — Photomicrograph of on ovarian soction of a mouse Erhhoh’s hicmatoiyhn 
and eosin Diot “N" (control) Age 58 days x40 

Fig 3 — Xho flamo Diot “K” (vitamin E rich) 35 days Age 58 day b x46 

Flo 4 — The samo Diet “W” (vitamin E and other vitamins deficient) 29 dayB 
Age 04 days x48 

Fio 5 — Tho same Diet “E" (vitamm E noli, and other vitamins deficient) 29 days 
Age 04 days x 02 

Fia 0 — Tho some Diet “N" (control) Age 80 days x27 

Fio 7 — Tho same Diot “K" (vitamin. E rich) 03 days Age 80 days x26 


Plate H 

Fio 8 — Photomicrograph of an ovarian section of a mouse Erhlich’s hcomatoxyhn 
and eosin Diet “N” (control) Ago 401 days x28 

Flo 9 — Tho sumo Diet “B” (vitamm E deficient) 309 days Age 404 days x30 
Fig 10 — Tho same Diet “B" (vitamin E deficient) 438 days Age 401 days 
x 27 

Fia 11 — The same Diet “K" (vitamin E rich) 309 days Age 404 days x29 
Fia 12 — Photograph of three mice, litter mate sisters, on diots “N” (control), “B” 
(vitamin E deficient) and “K" (vitamm E rich), after tho abdomen has been opened to 
demonstrate the amount of subpontonool adipose tissue Diet “B” or diet “K" 687 

days Age 011 days 
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THE RELATIONSHIP OE THE THYROID GLAND TO 
MUSCULAR WORK PERFORMED BY THE ALBINO 
RAT By L W Cos Department of Physiology, University 
of Otago 

(Received for publication 8th March 1947 ) 

The sluggishness of the hypothyroid patient, and the excitability and 
muscular tremor of the hyperthyroid patient are commonly observed 
[Jell, 1932, Hertzler, 1935] Whether these changes are due to the 
action of the thyroid hormone, or the lack of it, on the muscles them- 
selves, or on the nervous system activating them has not been proven 
It is difficult to measure the end point at which a human muscle is 
fatigued, as the subject of the experiment, unless possessed of unusual 
powers of endurance, will not contmue to the pomt of exhaustion 
Furthermore, a patient suffering from myxeedema is too lethargio and 
a patient with thyrotoxicosis is too easily distracted, for the experiment 
to be of value Moreover, such a test would only measure an effect 
on the whole neuro-muscular mechanism concerned m the cortical 
control of movement 

This paper presents the results of a senes of experiments designed 
to record the amount of work performed by the gastrocnemius muscle 
preparation m the anaesthetised rat, under conditions of normal thyroid 
metabolism, hyperthyroidism, and hypothyroidism The experiment 
was designed, as far as possible, to imitate the normal movements of 
the rat hind-leg m running Three groups of rats were used, normal, 
thyroidectomized, and normal rats with thyroid added to the diet 

Method 

Healthy white rats of both sexes, aged 4 months, were used for 
experiment All rats were fed on a standard diet (meat-free) as 
follows Bran 30, pollard 25, bone meal 15, pea meal 15, maize 
meal 16 (all gm per cent ), wheat or kibbled maize ad lib 

The duration of each experiment was twenty hours, even if the 
muscle had meanwhile ceased to contraot on stimulation At the 
end of twenty hours the rat was killed, the muscle length and weight 
determined, and neck, thorax, and abdomen of the rat examined 
In animals on which thyroidectomy had been performed, serial sections 

of the tracheal region were out, to discover whether thyroidectomy 
VOL XXXIV, NO 2 — 1947 115 a J 
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had been complete or not In only a few case 3 one or two acun 
containing colloid were found m the angle between the trachea and 
the oesophagus (To ensure complete thyroidectomy some operations 
were performed under direct vision with the dissecting microscope, 
while most of the remainder were inspected with this instrument at 
the close of the operation) 

The ansesthetio used was barbitone soluble, 36 mgm per 100 gm 
body-weight of rat, given by mtrapentoneal injection When the 
experiment had been in progress about eight hours, a further 6-10 
mgm were given subcutaneously The size of this dose depended on 
the weight of the rat and the depth of anaesthesia at this stage In 
this way an approximately even depth of anaesthesia was maintained 
throughout the experiment It was diffi cult to maintain anaesthesia 
for more than twenty hours, and it was felt that results could not be 
relied on to be physiologically significant after that time 

The insertion of the tendon of the gastroonemius muscle was 
exposed, and the tarsal bone distal to the insertion divided The 
tendon was then attached to the isometric lever by a steel wire A 
tension of approximately 70 gm wt was maintained on the muscle 
during relaxation The muscle belly was not exposed An incision 
was made in the thigh, the muscles separated at the lateral intermuscular 
septum, and the sciatic nerve exposed The stimulating electrodes 
were placed m contact with the nerve, which was crushed proximal to 
the electrodes, and the anterior tibial branch was out distal to the 
electrodes The skm incision was closed around the electrodes by a 
stitch 

The stimuli consisted of brief tetam, 2 every second, with an interval 
between tetam, approximately twice the duration of the tetanus, 
t e tetam of about 0 16 sec with intervals of 0 36 sec This ensured 
adequate blood supply to the muscle m the intervals between contrac- 
tions The stimulating apparatus produced shocks at the rate ol 
50 per second, which were maximal for the motor nerve to the muscle 
In every case, when twenty hours had elapsed, pm electrodes were 
inserted into the muscle, and the same cycle of stimulation observed 
In all cases save two, no mcrease m the height of contractions was 
observed Slightly increased contractions for less than one minute 
were observed in the two exceptions 

The tension developed by the muscle was recorded isometncally. 
the tracing being made optically, on a slowly moving roll of photo- 
graphic paper Each contraction of the muscle produced a vertical 
hne on the paper, varying m height m direct proportion to the tension 
developed Since the paper moved at a slow uniform speed this 
produced a zone of darkened paper, the area of whioh was directly 
proportional to the work performed After developing, the area was 
measured by means of a plammeter 



Table 
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The work done was calculated as follows Work done in one contrac 
tion of muscle (gm cm )= Tension developed (gm)x^ muscle length 
(cm ) Thus the total work per gm wt of muscle for the whole 
experiment is given by the formula 


where 


Work (gm cm ) 


120 t a C 
6 L g 


a = area of tracing m sq cm 
L — length of tracing m cm 
C= length of musole m cm 
g = weight of musole in gm 
t = time of experiment in mm 
120=tetam per min ute 


Results 

The results are summarised in the graph of fig 2 and in the accom 
panymg table In the case of animals of Group 2 (thyroidectomized), 
on commencement of stimulation after contracting normally for a few 
minutes the muscle entered a phase of sustained contraction The 
isometric lever became stationary m the contracted position and 
remained there for a period varying from one quarter to two hours 
This phase ended by the musole beginning to relax slightly, with 
subsequent contraction at each stimulus This degree of relaxation 
between stimuli increased, until the muscle was contracting and 
relaxing normally at each stimulus If the stimulating apparatus 
was stopped during the phase of sustained contraction, the muscle 
relaxed within one or two seconds, but the sustained contraction 
recurred on recommencing the stimulation Once this phase of sus 
tamed contraction had passed, it did not recur It was not observed 
m Groups 1 and 3 Further, in some animals additional to those 
whose results are recorded, stimuli were apphed by pm eleotrodes 
thrust through the muscle during the phase of sustained contraction 
This had no effect on the sustained contraction, which continued, and 
then passed off m the usual fashion It is possible then that changes in 
the nerve or neuro-muscular junction were not responsible for tins phase 

Acting m the behef that this phase might be an effect of hypo- 
calcsemia due to parathyroidectomy, a sub-group, 2 c, of animals was 
jnven calcium m the form of calcium gluconate, I mi of a 10 per 
cent aqueous solution (equal to 8 9 mgm calcium) by mtraperitoneal 
. one hour before the commencement of the experiment 
TkL quantity of calcium, if distributed evenly throughout the body 
tissues would raise the blood calcium level on an average by 6 4 mgm / 
1133 1 It is likely, however, that as calcium gluconate produces an 

effect 15-20 minutes after injection, and this effect lasts 6-8 hours 
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apart from Group 2 a, thyroid deficiency diminished considerably 
the abihty of rat muscle to perform work 

When thyroid gland substance is fed to normal animals work is 
agam performed at a lesser rate than normally The probability of 
the difference observed between Groups 1 and 3 occurring by chance 
alone is between 1 in 50 and 1 in 20 In this group there was no phase 
of sustained contraction It therefore seemed probable that the 
causative factor of the sustained contraction phase was thyroid 
deficiency If that is so, treatment of thyroidectomized animals by 
replacement doses of thyroxine should abolish the phase of sustained 
contraction The sustained contraction has not been especially 
investigated 

Much larger deficiences m work performances were observed by 
Malcolm and Whitehead [1944] m thyroidectomized rats This may be 
attributed to the different conditions under which their experiments 
were performed 

(1) Their investigations recorded the work performed by muscle 
twitches, not brief tetam 

(2) Their method of recording was isotomc, so that no work would 
be recorded when the muscle contraction fell below a limiting value 
With the present isometric method even the smallest contractions 
contribute to the aggregate work Thus the present method gives a 
more acceptable value for the total performance of work by a muscle 

(3) With the onset of the phase of sustained contraction, no work 
would be recorded for an hour or more, and their experiments were 
not continued sufficiently long to discover the later recovery with 
restored relaxation 

When allowance is made for these different conditions, there is no 
serious discrepancy in the two sets of observations In addition, 
Malcolm and Whitehead showed that treatment of thyroidectomized 
animals by replacement doses of thyroxine approximately restored to 
normal the work output of muscles, an experiment not attempted with 
the present technique 

Thus m the white rat, it is shown that the gastrocnemius preparation 
will for many hours perform work at a rate varying with the thyroid 
metabolism 

A normal rat performed more work than an animal which is 
either hypothyroid or hyperthyroid No a nim al, hypothyroid or 
hyperthyroid, was able to be fatigued within the duration of the experi- 
ment twenty hours However, all thyroidectomized animals showed 
an early phase of sustained contraction which may be mis taken for 
fatigue Smce each animal, apart from the period of sustained con- 
traction, performed work at its own uniform rate, significant difference 

m work performance should be obtained in experiments lasting six 
or eight hours 



[Shelling, 1935], that the blood calcium would be raised above normal 
during the first half of the experiment, then falling to its previous value 
As the time courses of the rates of work were similar, and there was no 
significant difference between the means of sub-groups 2 b and 2 e, 
it is probable that variations in the calcium level were without effect 
(It should be mentioned that many animals suffered from tetany for 
two or three days after thyroidectomy, but appeared to recover when 
calcium was added to the drinking water ) 

Apart from this initial phase of sustained contraction, animals 
in each group performed work at a rate approximately uniform with 
others in the same group Those in Groups 1 and 2 a continued to 
work at a high rate, while 2 b, 2 c, 2 d, and 3 worked at a low rate 
An attempt was made to feed rats on thyroid for more than two 
weeks This experiment failed because these rats succumbed to the 
anesthetic after an average of 3f hours 

The depth of anaesthesia has an important influence on the per- 
formance of musoular work Deep anaesthesia greatly diminished the 
performance of work, while if the anaesthesia became too light, the 
animal spoilt the experiment by its spontaneous movements 

A few animals performed the whole experiment with pin eleotrodes 
thrust through the musole instead of sciatio nerve stimulation The 
response of these animals pursued similar courses to those whose 
results are recorded It was felt, however, that this method of 
stimulation caused unnecessary trauma to the musole 


Discussion 

Statistically there is no significant difference between the work 
performed by Groups 1 and 2 a, but these groups differ significantly 
from the remaining thyroidectomized a nim al experiments, sub-group3 
2 b, c, and d The probabilities that these differences are due to chance 
alone are less than 1 m 100 for 2 b and 2 c, and between 1 m 50 and 1 in 
100 for 2 d (Calculations were made on the formula for the difference 
between two means, using the t Table [Fisher] ) 

Ho explanation can be offered for the surprisingly large work output 
of Group 2 a Though the iodine added to the drinking water would 
give adequate thyroxine production m the presence of thyroid, it 
would cause negligible production in Group 2 a, for the extra-thyroidal 
synthesis of thyroxine from iodine has recently been shown to be 
exceedingly inefficient [Morton et al ], only a minute fraction of the 
administered iodine being so converted [Purves and Greisbach] More- 
over despite the iodine, the sustained contraction is observed in 
Group 2 a m common with the other thyroidectomized annuals (Groups 
v h c and d ) It i s evident that further investigation is needed to throw 
fight' on these apparently conflicting findings However, it seems that 
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DETERMINATION OF BLOOD VOLUME IN DOG BY MEANS OF 
VISUALLY LABELLED ERYTHROCYTES By A Nizet 1 
From the Institut de Clinique et de Pohclimque Mddicales, 
University de Liege 

(Received for publication 23 rd April 1947 ) 

The use of labelled erythrocytes usually prepared by means of radio- 
active or heavy isotopes has already added much to our knowledge of 
the blood under physiological and pathological conditions [Hevesy, 
1940] Studies m this laboratory on the structure of the bone marrow 
[Nizet, 1943 b, 1947] have been undertaken using visually labelled 
erythrocytes produced by the action of phenylhydrazme on red blood 
corpuscles Further, Lamhrechts and Nizet [1943] have shown that 
erythrocytes labelled m this way can be used for blood-volume deter- 
mination Erythrocytes treated with phenylhydrazme contain Heinz 
granules [Heinz, 1890, Moeschlm, 1941], and these granular erythro- 
cytes are easily identified in stained smears observed under dark ground 
illumination [Nizet, 1943 a, 1944] The method of Lambrechts and 
Nizet [1943] for blood-volume determination involved the transfusion 
of blood containing labelled erythrocytes from an animal which had 
received an intravenous injection of phenylhydrazme, mto another 
animal, the blood volume of which it was desired to measure The 
method has been improved and simplified by preparing the labelled 
erythrocytes tn mtro 


Preparation of Visually labelled Erythrocytes by Phenylhydrazme 

In the first place, it is necessary to discover the optimum concentra- 
tion of phenylhydrazme which, when added to a blood sample, will 
produce Heinz granules m 90-100 per cent of the erythrocytes without 
leaving an excess of phenylhydrazme Since phenylhydrazme reacts 
only with oxyhsamoglobin and bas no effect on reduced haemoglobin 
[Nizet, 1946 a, b), it is also important to saturate the blood samples 
with oxygen before the addition of phenylhydrazme 

The following senes of expenments earned out on human blood 

Aspirant du Ponds National Beige do la Recherche Scientifique 
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SuarsiABY 

1 Muscular work performed by the soiatic nerve-gastrocnemius 
muscle preparation in the anaesthetised rat is recorded when normal, 
high, and low thyroid hormone levels are present 

2 Hypothyroid animals performed less work than normal animals 

3 Hyperthyroid animals performed less work than normal animals 

4 Thyroidectomized animals, with io din e added to the diet, 
performed work at a rate not significantly diff erent from normal animals 

5 All animals on which thyroidectomy had been performed, showed 
a phase of sustained contraction, lasting £ to 2 hours, at the com 
mencement of the experiment This phase was not due to hypo 
calcsemia, and possibly was not due to defective neuro-muscular 
transmission 

6 No animal, normal or abnormal m thyroid metabolism under the 
conditions stated, showed musoular fatigue during the twenty hours 
of the experiment 
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100, 50, 26, 12 5 6 25 and 3 126 mg per cent , giving finally 100, 50, 
25, 12 5, 6 26, 3 12, 1 56 and 0 78 mg per cent Thirty-five minutes 
later the changes in the oxyhoemoglobm were noted, the bloods were 
then centrifuged and the supernatant plasmas put aside The packed 
red cells were stained by brilliant cresyl blue in our usual manner, and 
the percentage of erythrocytes with Heinz granules established for 
eaoh concentration Two experiments are quoted m Table II The 
plasmas of experiments 1 and 2 (Table II) were then mixed with an 

Table II 


Expt 

Phenylhydrazme 
mg per cent 

100 

60 

26 

12 6 

6 26 

3 126 

1 66 

1 

Colour of the blood 

B 

B 

B 

B 

R 

R 

R 


Percentage of erythrocytes 
containing Heinz granules 

100 

100 

98 

10 

0 

0 

0 

2 

Colour of the blood 

B 

B 

B 

RB 

R 

R 

R 


Percentage of erythrocytes 
containing Heinz granules 

100 

99 

70 

6 

0 

0 

0 


B=brown, R = red 


equal volume of the same fresh blood It was found that the plasmas 
removed from the lowest phenylhydrazme concentrations giving 
complete change of colour and 95-100 per cent of granular red cells 
(10-26 mg per cent for the human blood) did not produce any 
alteration in fresh erythrocytes after contact for 35 minutes These 
results show that if there is an excess of phenylhydrazme present, it is 
insufficient to produce a second reaction 


Determination of Blood Volume of Dog 

The optimum concentration of phenylhydrazme to produce 90—100 
per cent of granular cells m dog’s blood, determined m a similar manner 
has been found to be from 60 to 100 mg per cent The addition of 
phenylhydrazme to the blood causes frothing, which is dispersed by 
one drop of a mixture containing 10 per cent octyl alcohol and 90 per 
cent ethyl alcohol The percentage of granular red cells is determined 
in this blood sample as well as m the blood of the recipient dog before 
the injection A known volume (10 c c to 60 o c ) of the labelled blood 
is then mjected intravenously into the dog and a blood sample taken 
5 to 40 minutes after the injection and examined for granular cells 
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demonstrates that the reaction with oxyhiemoglobm of the red blood 
cells depends upon the concentration of phenylhydrazme 

Equal samples of the same citrated blood were mixed with a constant 
volume of phenylhydrazme solutions of decreasmg concentrations 
The phenylhydrazme solutions were prepared by dissolving it in an 
equal volume of methyl or ethyl alcohol, diluted afterwards by NaCl 
0 9 per cent 

Experiment 1 — 10 c c of phenylhydrazme (100, 50, 26, 12 5, 6 26, 
3 12, 1 50, 0 78, 0 39 and 0 2 mg per cent ) were mixed with 0 2 o c of 
blood 

Experiment 2 — 4 c c of phenylhydrazme (125, 62 5, 31 26, 16 6, 
7 8, 3 9, 1 95, 0 98, 0 49 and 0 25 mg per cent ) were mixed with 1 c c 
of blood 

Experiment 3 — 1 o c of phenylhydrazme (200, 100, 60, 26, 12 5, 
6 25, 3 12, 1 56, 0 78 and 0 39 mg per cent ) were mixed with loo 
of blood 

The final concentrations of phenylhydrazme were respectively the 
same m the three experiments (100, 50, 25, 12 5, 6 25, 3 12, 1 56, 0 78, 
0 39 and 0 2 mg per cent ) The absolute amount in the first experi- 
ment for the same volume of blood, was 50 times, and m the second 
experiment 2£ times that of the third experiment 

After contact of 35 minutes (± 20° C ) the colour of blood turned from 
red to brown m the three experiments for the phenylhydrazme con- 
centrations higher than 3 mg per cent For the lower concentrations 
the oxyhaemoglobin remained unchanged The results are summarised 
m Table I 


Table I 


Expt 

Phenylhydrazme 
nag per cent 

100 

50 

25 

12 5 

6 26 

3 12 

1 56 

0 78 

0 39 

02 

1 

o c sol co blood 
10 + 0 2 

B 

B 

B 

B 

BR 

R 

R 

R 

R 

R 

2 

4 + 1 

B 

B 

B 

B 

BR 

R 

R 

R 

R 

R 

3 

1 + 1 

B 

B 

B 

B 

BR 

R 

R 

R 

R 

R 


B = brown, R=red 


That the Heinz granules appear simultaneously with the alterations 
hemoglobin has been demonstrated in the following manner 
1 Ten different blood samples (15 c c ) were mixed with 0 5 c c 
phenylhydrazme solution m decreasmg concentrations (400, 200, 
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The blood volume V of the recipient dog is calculated by the following 
formula — 


v= NnE 

ne 


(I) 


N =percentage of erythrocytes labelled m the mjected blood, 

n =percentage of erythrocytes labelled m recipient’s blood after the 
injection, 

v = volume of mjected “labelled” blood, 

E = number of erythrocytes per mm 3 m the mjected blood, 
e = number of erythrooytes per mm 3 m the recipient’s blood 


If the blood to be labelled is drawn from one animal and the blood 
volume determined on a different one, it is necessary to count the red 
corpuscles m the mjected blood and m the recipient’s blood On the 
contrary, if the mjected blood is obtained from the dog, the blood 
volume of which is to be deter min ed, it is only necessary to know the 
ddution of the labelled blood by citrate and phenylhydrazme solutions 
In this case where E — e, after correction of the mjected volume, formula 
(I) may be written as follows — 



n 


The results of ten determinations m normal dogs are transcribed 
m Table HI In experiments 1 to 4, samples of blood were taken 7 to 
16 minutes after the injection In experiments 6 to 10, blood samples 
were taken 6 minutes and 36 minutes after the injection m eaoh case 

The concentration of phenylhydrazme was 100 mg per cent m ah 
the experiments Each labelled red cell count was based on a total 
cell count of 7400 The average blood volume of the normal dog was 
found to be 66 1 c c per kg body-weight In our experiments the 
extreme values are 47 c o /kg and 83 c c /kg , according to experiments 
6 to 10, the results are the same if the blood is taken either 6 or 35 
minutes after the injection, the mean difference is only 4 per cent 
The results indicate that there is no noticeable destruction or elimina- 
tion of the labelled elements during the first 36 minutes, and that the 
mjected elements seem to be perfectly mixed with the circulating 
blood elements after 6 minutes 

We emphasise the fact that the blood volumes are calculated on 
the supposition that the ratio m the same m all the vascular 

areas m which blood is circulating 



HEMOGLOBIN CONCENTRATION, HEMATOCRIT VALUE, 
ANU SEDIMENTATION RATE OF HORSE BLOOD 
By G Fegler 1 From the Department of Physiology, University 
of Edinburgh 

{Received for publication 25 th September 1947 ) 

The experiments reported here were earned out as a preliminary to the 
study of the respiratory function of horse blood The high sedimenta- 
tion rate of horse blood necessitates certain modifications m technique 
for accurate companson with the blood of other animal species The 
viscosity and the concentration of r b c are the factors influencing the 
velocity of exchange of the respiratory gases 

Methods 

Hepanmsed blood (1000 units of B D H heparin per 100 c c of 
blood) of 7 healthy horses were examined For one experiment de- 
fibnnated blood was used The determinations usually started 1-2 
hours after the blood was collected from the jugular vem 

Hcematocnt values were obtamed by centnfugmg the blood for one 
hour m capillary tubes 10 cm long at 3000 r p m or m shorter tubes 
(6 cm ) for 15 mm at 10,000 r p m 

Haemoglobin was estimated as cyanmethsemoglobin [Stadie’s method, 
1920, modified by Wu, 1922] in the Hilger Spekker photo-electric 
absorptiometer using green (N5) filter Hsematoorit and haemoglobin 
values were corrected for dilution of blood by hepann 

Sedimentation rate was measured m 200-mm long Westergreen 
tubes A complete curve of sedimentation was obtamed, the relative 
velocity curve being calculated from it m p o of the total length of the 
plasma column given by hsematoent value Maximum velocities m 
mm /mm were calculated from relative velocity curves 

Viscosity (plasma, serum, and blood) was determined as apparent 
viscosity m relation to water in an apparatus which was designed to 
avoid the influence of corpuscular sedimentation during the determina- 
tion The apparatus consisted of a contamer of about 20 ml capaoity 
mto which a capillary tube (Vendia) was introduced as shown m fig 1 
The length of the capillary tube between two marks was 55 cm and it 
was kept m the horizontal position The inner diameter of the capillary 
was 0 5 mm One end of it was immersed m blood (5 ml ) placed in the 
contamer , the other one was connected to an arrangement produemg a 

In receipt of personal grant from the Agricultural Research Council 
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Determination of Blood Volume m Dog 


StraniABT 

A new technique is described for the measurement of circulating 
blood volume, using visually labelled erythrocytes These elements 
are prepared by the action m vitro of phenylhydrazme on the erythro 
cytes The granular elements remain in the, circulating blood long 
enough to allow good mixing Successive determinations in the Bame 
animal show good agreement The average circulating blood volume 
of the normal dog is found to be 66 c o per kg body-weight 
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constant negative pressure (40 mm Hg) at winch the fluid was moving by 
suction through the capillary The container was fixed into a rocking 
frame which was moving to and fro with equal rate for all deter min ations 
The whole apparatus was placed in the thermostat Time of movement 
of the column of fluid between two marks was measured with a stop 
watch (to 1/5 sec ) and compared with the velocity of flow of water at 
the same conditions of temperature and pressure 


(L A / 

1 t 1 ) 

(t — 



Results 

The results are given m Table I 

Ecemoglobm Concentration, H cematocrit Value ( V pc rbc), and the 
Hb g p c /V pc rbc ratio — The volume pc of r b o varied from 27 0 
to 50 4 Even m the same horse (No 2) blood taken on two different 
days showed a marked difference m concentration of r b c In this case 
it was noticed that when for the first time the horse was bled it was much 
more excited than at the second bleeding In this connection 3 experi- 
ments on horse No 7 also showed a marked increase in volume p c of 
rbc after short exercise (moderate trot about 10 min ) These obser 
vations are in agreement with the results of Scheunert and Krzyuanek 
[1926] The variations in haemoglobin concentration did not exactly 
correspond to that of the volume pc of r b o 

The scatter diagram (fig 2) indicates a greater increase in Hb 
concentration m relation to the mcreased volume p o of r b c The 
correlation coefficient calculated for the mcrease of Hb g p c / V p c 
rbc ratio m relation to volume p c r b c proved the significance of 
this observation (r=0 6875, p=less than 0 01 [Fisher’s Statistical 

Methods, 1941, p 202]) 
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Big 3 shows that the relative viscosity plotted against volume p c 
of r b c tends to rise m a greater degree with the moreased r b o con- 
centration m horse blood than m os and sheep blood That this is not 
caused by the use of different apparatus is indicated by three pomts 
obtamed on sheep blood of different rbc volume p c with the present 
apparatus They agree well with the data obtamed previously with the 
Ostwald viscometer 

It is therefore probable that the higher viscosity of horse blood (at 



v p o r b o 

O =Ox and sheep blood, Ostwald viscometer 
O =8heep blood, present apparatus 
• = Horse „ 

Fig 3 — Relations between the r b o concentration and the relative viscosity 
measured in ox and sheep blood with the OBtwald viscometer (O), and in sheep 
(O) and horao ( • ) blood with the viscometer used in the present investigation. 

similar volume pc ofrbc)is caused by the plasma viscosity, which 
is also higher m horse blood The mean value of horse plasma viscosity 
is 1 89, whereas that of sheep and ox is 1 60 

There is no doubt that the viscosity of horse blood, because of its 
high sedimentation rate, cannot be measured without a large error with 
instruments not allowing for a thorough mixing of the blood during the 
determination Trevan [1918] modified the Ostwald viscometer so that 
the blood could be mixed with a wire m an upper container, but he gave 
no evidence of the efficiency of this method, the blood which he used 
had a slow sedimentation rate Fahraeus and Lmdqvist [1931], to 
avoid sedimentation, used a capillary which was rotated during the tune 
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Viscosity The results of determinations of the apparent relative 
viscosity of plasma and of blood at 38° C carried out with the arrangement 
shown in fig 1 are given in Table I Comparison with the estimations 



V p o r b c 

Fio 2 — Relation between the r b e concentration and the value of the ratio 
Hb g pc/V po rbc 

made with the Ostwald viscometer on ox and sheep plasma and blood 
(Table II) 1 shows that the viscosity of the horse plasma and blood is 
higher than that of the ox and sheep 


Table H — Relative Viscosity or Ox and Sheep Plasma 
and Blood Mbasubed at 38° C 


Relative 

Relative 


viscosity 

viscositj 

V p o rbc 

of plasma 

of blood 


1 65 

4 50 

30 S 

143 

4 30 

40 5 

1 57 

4 66 

39 8 

1 55 

3 10 

23 7 

1 55 

6 54 

65 6 

1 55 

4 37 

40 0 

1 55 

2 87 

24 8 

1 48 

4 52 

40 1 

1 65 

4 24 

38 6 

1 65 

4 72 

36 0 

1 54 

4 62 

40 0 

1 78 

5 56 

48 1 


4 02 

35 0 


3 80 

31 8 


Remarks 


Ox blood, Ostwald’a viscometer 


blood, 

, present apparatus 
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Fig 4 — Relative sedimentation rate of hepannifled (1) and 
defibnnated (2) horse blood. 



Fia 6 — Effect of plasma dilution, on relative sedimentation rate 1 = 100 p c. 

plasma, 2=66 pc plasma, 3 = 60 pc plasma, 4=rbo suspension in phosphate 

buffered saline 
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of determination, but they worked on normal human blood (slow 
sedimentation rate), and also did not estimate the efScienoy of their 
method 

The degree of error which may be caused by the high sedimentation 
rate of r b o was evident from some determinations made with the 
present arrangement If the movement of the container was stopped only 
for 90 seconds before the actual determination, an increase of about 50 
pc in viscosity was obtained in comparison with the determination 
carried out at constant movement of the apparatus 

Sedimentation Rate of r b c — In Table I the maximum velocities of 
sedimentation given are calculated from the continuous curves of 
relative rate The curves had a regular S-shape, indicating the initial 
slower rate of sedimentation, followed by the period of ma xim um velooity 
and by the final slow period The importance of aggregation of the r b o 
on the rate of sedimentation can be distinctly observed m horse blood At 
the beginning the upper surface of the r b o column in the sedimentation 
tubes is sharply limited, then the limit becomes less and less distinct 
and the aggregates become visible floating m plasma over the more dense 
layer At the same time almost over the whole length of the tube the 
separation of the r b c column from the walls of the tube becomes 
apparent As the cells settle down these phenomena gradually disappear 
and again, as in the initial stage, the limit between plasma and cells 
columns becomes sharp, and the granulated appearance of the lower 
layers also disappears These phenomena make the determination of 
the maximum velocity of sedimentation in horse blood only approximate, 
and this is one reason why the method of making a continuous curve 
of the sedimentation rate should be preferred for suoh cases The con- 
tinuous curve gives some integration m the period of maximum velocity 
when also the aggregates formation is the most intense 

It is known that different fractions of the plasma proteins differ in 
importance in their influence on sedimentation rate F&hraeus [1929] 
showed that fibrinogen is the strongest factor This is illustrated for 
horse blood by the experiments (fig 4), m which the sedimentation rate 
was deter min ed on two suspensions of equal r b c volume p c in plasma 
(1) and in serum (2) 

The dilution of plasma with phosphate buffered saline also decreases 
the sedimentation rate (fig 5) 

In connection with these experiments the determinations of the 
rate of sedimentation of the horse, ox, and sheep r b c in homo- 
or hetero-geneous plasma were earned out The results are given 


1 They confirm the earlier results of de Haan [1918] and Lmzenmeier 
nfl211 showing that the plasma of horse blood is not the only factor 
1 m a fast sedimentation of horse r b c If it were not so, ox or 
causing shQuld acquire the ability to sediment in horse plasma as 
SllGGp I* 
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quickly as horse r b c , and also horse r b c should sediment m ox or 
sheep plasma as slowly as do the r b c of these species Ox and sheep 
r b c , however, sediment very slowly in horse plasma, and the horse cells 
still have a great sedimentation rate m ox and sheep plasma though 
decreased in comparison with the rate of their sedimentatipn m their oivn 
plasma 

It seems, therefore, that the red cells are also responsible for fast 
sedimentation The factors of the red cells governing this property 
could not be removed even by thorough washing of cells in saline It 
may be, of course, that even ten times washing of cells m saline does not 
suffice to deprive them completely of their plasma surface covering A 
snmlar arrangement may apply to ox and sheep cells which may con- 
serve after washing a layer of their own plasma preventing aggregation 
when they are suspended in horse plasma It is possible, however, that 
this layer of “own” plasma is so intimately attaohed to the surface of 
the cells that it could not be removed without damage Anyway, it does 
not make much difference m sedimentation rate in thiB “cross” experi- 
ment if the cells are not washed at all or if they are washed ten times m 
saline 


Discussion 

The sedimentation of horse r b o is the most difficult of the problems 
investigated in the present work There is no generally accepted 
explanation of its mechanism All workers seem, however, to agree that 
the ability of blood to form rouleaux is in direct relation to the rate of 
sedimentation Rouleaux formation m horse blood is more pronounced 
than in other species blood m the sense that they are more extensive and 
more stable This makes horse blood an excellent material for research 
on this problem It seems, however, that the methods of investigation 
are still not adequate, since the mere observation of the sedimentation 
rate is a very crude method giving only the end effect The other more 
direct and more quantitative method of estimation of the extent of 
rouleaux formation should be worked out before an approach to the study 
of the mechanism of the phenomenon should be attempted 

There is no direct evidence, apart from some observations of Faliraeus 
[1929] on mesenteric blood-vessels, that the sedimentation of r b o is a 
physiological phenomenon occurring in the blood-vessels of the horse 
But, assuming that the high sedimentation of horse rbc is not a 
phenomenon which happens only m vitro , the possibility arises of an 
approach to the sedimentation as an important physiological factor of 
the horse organism It may cause, for instance, an unequal distribution 
of r b c to different organs, and it is possible that compensation of this 
unequal distribution may be governed by cardiovascular mechanisms 
The phenomenon may be partially responsible for the increase in volume 
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of r b c is higher than that of ox or sheep blood at corresponding volume 
pc of r b o , the higher viscosity of plasma being one of the causes 

5 Maximum sedimentation rate of r b o in hepanmsed whole blood 
of the horse varied from 0 6 mm to 5 9 mm per mm , depending on the 
r b o concentration The sedimentation rate of the horse r b c is also 
high m sheep or ox plasma, whereas the r b c of these speoies sediment 
as slowly in horse plasma as in their own 

6 The physiological significance of the high sedimentation rate of 
the horse r b o was discussed 
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pc of r b c in the venous blood which was found after exercise Natur- 
ally it is recognised that an important factor is the mobilisation of r b o 
stored in the spleen [Sheunert and Krzywanek, 1926] The function of 
the spleen, however, or of any blood depot, is indicated by the inorease in 
the concentration of r b c from a normal level to one above normal as 
m exercise What is worthy of attention m our observations is the 
relatively low concentration of r b c m a large vem like the jugular in 
the horse at rest and the increase in their concentration after exercise, 
but only to the normal level of -other animals (about 40-45 V p o 
r b o ) The sedimentation of r b o m vivo m the horse blood-vessels is 
therefore suggested rather by the relatively decreased volume pc of r b o 
at rest than by the increase m it after exercise, which may be caused not 
only by increased rate of circulation but perhaps mainly by the con- 
traction of the spleen 

Exercise or excitement may cause m the horse a relatively greater 
increase in hromoglobm concentration than m volume pc of r b c 
(fig 2) In connection with this it may be mentioned that the author’s 
unpublished experiments on rabbits exposed to low oxygen pressure 
indicated no change or even decrease m the Hb gpc/rbc V pc ratio 
There is therefore a difference m this regard between the reactions of 
rabbits and horses which may be connected with the difference m the 
importance of the spleen as a store organ m these two species 

Further experiments on the same lines should be carried out m order 
to work out m more detail the observations whioh have been described 
The rise in ratio Hb g po/rbo Y pc should be confirmed by more 
experiments, and the changes in plasma or other factors whioh may 
influence the volume of cells should be further explored 

At the present stage it is suggested that morease m the Hb g p o / 
r b o V pc ratio may indicate the appearance m the oirculatory bed 
of an exoited or working horse of the cells containing higher concen- 
tration of haemoglobin It is highly desirable to discover the origin of 
these cells 


SU MMAR Y 


1 Volume pc of r b o , hsemoglobm concentration, relative viscosity 
of the plasma and blood, and the sedimentation rate of the rbo have 
been estimated on 7 healthy horses 

9 jncrease in the volume pc of r b c was found m the excited or 
working horse The concentration of r b c m blood from the jugular vein 
in horses at rest is rather low in comparison with other animals 

3 Increase intheHb g po/rbc Y pc ratio was found in cases 
th the higher volume pc of rbc with a significant correlation 


coefficient 

4 Apparent relative viscosity 


of horse blood at higher volume p c 


AN APPLICATION OP BONE-MARROW CULTURES TO 
TOXICOLOGY AND THERAPEUTICS By K Harrison 
and P W Randoll Prom the Chemical Defence Experimental 
Station, Porton, near Salisbury 

(Received for publication 10th October 1047 ) 

When searching for antidotes to poisons or drugs it is customary to 
make experiments on the intact animal In the final stages there is 
no substitute for animals, because the natural processes of excretion 
and detoxioation tend to work against the antidote, which may reach 
the site of its action m amounts too small, or too transitory, for demon- 
strable cure Provided that the antidote is dramatic in effect, these 
adverse processes do not weigh heavily, but in border-hne cases, and 
still more in the early stages of an investigation, where a faint clue is 
all that can be hoped for, it is often desirable to have a different type 
of approach Enzyme studies, such as those which led to the discovery 
of BAL [Peters, Stocken and Thompson, 1945], are the method of 
choice when specific inactivation is known or suspected Tissue culture 
is, in theory, a still better method, because the mtact cell can be studied 
Orthodox tissue culture is, however, not free from limitations of a 
technical kind Strict asepsis is required throughout, the measure- 
ment of growth in three dimensions is very difficult, and the progress 
of work is slow In order to avoid these and other handicaps, a simpler 
method has been worked out, for which the following advantages are 
claimed adult tissue from several species of mammal can be examined 
(orthodox methods rely largely on avian embryonic cells, whose meta- 
bolism is peculiar), strict asepsis is not compulsory, results can be 
obtained within 24 hours, the fatigue of microscopio examination is 
reduced, and there is a great economy in raw materials It is not 
claimed that experiments with mtact animals are made superfluous , 
that a negative result with the method necessarily condemns an antidote , 
that results with bone marrow apply to all tissues, that earacf measure- 
ments of growth can be made, or that the method is anything but a 
convement and rapid test for distinguishing between those remedies 
which promise well and those which do not 

Although the work described in this paper does not represent an 
advance in the art of tissue culture as such, it is believed that the 
method may be of help to toxicologists and those engaged m therapeutic 
research 
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make experiments on the mtact animal In the final stages there is 
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and detoxication tend to work against the antidote, whioh may reach 
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strable oure Provided that the antidote is dramatic m effect, these 
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of approach Enzyme studies, such as those which led to the discovery 
of BAL [Peters, Stocken and Thompson, 1946], are the method of 
choice when speoific inactivation is known or suspected Tissue culture 
is, m theory, a still better method, because the mtact cell can be studied 
Orthodox tissue culture is, however, not free from limitations of a 
techmcal kind Strict asepsis is required throughout, the measure- 
ment of growth m three dimensions is very difficult , and the progress 
of work is slow In order to avoid these and other handicaps, a simpler 
method has been worked out, for which the following advantages are 
claimed adult tissue from several species of mammal can be examined 
(orthodox methods rely largely on avian embryonic cells, whose meta- 
bolism is peculiar), strict asepsis is not compulsory, results can be 
obtained within 24 hours, the fatigue of microscopic examination is 
reduced, and there is a great economy m raw materials It is not 
claimed that experiments with intact animals are made superfluous, 
that a negative result with the method necessarily condemns an antidote , 
that results with bone marrow apply to all tissues, that exact measure- 
ments of growth can be made , or that the method is anything but a 
convement and rapid test for distinguishing between those remedies 
which promise well and those which do not 

Although the work described in this paper does not represent an 
advance in the art of tissue culture as such, it is beheved that the 
method may be of help to toxicologists and those engaged m therapeutic 
research 
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MuTTr nn 

The femur is taken from an animal as soon after death a 3 possible, 
successful cultures have been made from marrow taken four hours 
after death, but for the best results the animal should be kill ed immedi- 
ately before the marrow is wanted Rabbits give the best cultures, 
but guinea-pigs and rats are also suitable Experience has shown 
that the activity of the marrow, as judged by the degree of growth and 
migration of the granulocytes, is influenced by the time of year, poor 
growth is obtamed m very cold or very hot weather, good growth in the 
spring and autumn months The age and sex of the animal make httle 
difference In order to offset the variations between one animal and 
another it is advisable, though not necessary, to use an inbred strain of 
rabbits, and if the animal is bled (10—15 ml , from the ear vem) several 
days before k il l in g, the marrow cells are usually more active Bleeding 
is not necessary during the months when good growth occurs 

With sterile instruments the marrow is carefully removed and put 
into a stenle petn-dish containing sterile Pannet and Compton Saline 
(P and C ) , portions are then transferred to a large mioroscope cavity 
slide (34* x 14", with a cavity 1J" in diameter, is a good size) containing 
P and C , and cut into small pieces not more than 1 mm square, using 
a sharp cataraot kni fe The size of the marrow fragments has a con- 
siderable influence on the degree of growth, to secure comparable 
results, it is advisable to cut a large number of fragments and select 
those of equal size, even so, at least six fragments should be cultured 
for each part of the expeninent The selected fragments, after washing 
■with P and C to remove ddbns, are transferred to other cavity slides 
for exposure to the appropriate reagents, dissolved or suspended in 
P and C At no stage must the fragments be allowed to dry 

Afterwards, the fragments are cultured by a simplified “hanging 
drop” technique Four stenle test-tubes are placed m a rack, and 
tilted to an angle of 45° to avoid airborne contamination A stenle 
pipette, with teat, is placed m each tube The first pipette is filled with 
P and C , the second with serum (taken from the animal, with stenle 
precautions, just before killing it), and the third with cock plasma, the 
fourth pipette is for mixing serum and plasma when mounting the 
fragments Pieces of stenle glass, 1-J' square, are set out and covered 
with petn-dish lids Culture medium is now prepared by mixing 
12 drops of serum and 4 drops of cook plasma One drop of this mixture 

is put m the centre of each piece of glass, and three fragments of marrow 
added (after washing, if necessary, with P and C from the first pipette) , 
in order to hasten clotting and stimulate growth a drop of embryo 
extract (stored at 0°) is also added to the medium on the glass, the 
amount of embryo extract must be carefully controlled, to secure uniform 
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results (If not readily available, the embryo extract may be omitted, 
although growth is not then so good ) The drop of medium is now 
spread to a diameter of about 1 inch with a cataraot knife, and allowed 
to clot, the fragments being arranged with the point of the knife at 
the corners of an equilateral triangle, with 2—3 mm between each 
fragment , there is then little danger — even with a very active marrow — 
that the granulocytes from one fragment will invade the territory of 
their neighbours By cultunng three fragments on each of two slides, 
and selecting the mean (by eye), inequalities of manipulation or m the 
texture of the marrow are smoothed out Finally, the pieces of glass 
are mverted over large cavity shdes, sealed with vaseline and paraffin 
wax, and incubated at 37° 

With these ordinary precautions there is httle trouble from bacterial 
contamination, as an extra safeguard, the marrow is cut, and the 
fragments are manipulated, 5 or 6 inohes below a slab of plate-glass, 
which helps to ward off airborne particles Since the results may be 
read 16-24 hours after mounting, and smce the lag phase of bacterial 
growth is an appreciable fraction of thiB time, colomes are rarely seen, 
and if incubation is carried out for 48 hours or more — which is seldom 
done, because the wandering granulocytes are by then very much 
thinned out, and many of them are moribund — the presence of gross 
contamination does not usually exert a detrimental influence upon the 
cultures 

The treatment of the fragments m the cavity shdes may be varied 
according to the information sought As a rule, 6 fragments are pre- 
served m P and G while the other operations go on , they are mounted 
to serve as controls Another 6 are put into P and C containing the 
remedy which is being studied, sometimes, though not always, the 
behaviour of the “control plus remedy” fragments cannot he dis- 
tinguished from that of the normal controls, a few trials serve to 
establish this point, and if the remedy has no effect on normal marrow, 
in future experiments the “control plus remedy” shdes are not prepared 
A third set of 6 is placed m a solution of the poison or drug in P and C , 
the concentration and time of exposure needed to produce a reasonable 
amount of damage being ascertained by trial and error Generally 
speaking, if hydrolysis is not a complicating factor it is better to soak 
the fragments m a low concentration for a long time than m a high 
concentration for a short tune, because a more regular penetration then 
takes place, and the retardation of growth and migration is more 
uniform from fragment to fragment 

The remedy may be studied from the aspects of prophylaxis or cure 
In prophylaxis, the remedy is dissolved m P and C , and the fragments 
soaked m the solution for an appropriate time, quickly washed twice 
■with P and C (using a sterile pipette to dram and fill the cavity slide), 

n -n /-I tViQTi trnn rl Tinf.Vi ftin TiAinnr* A 1 i i i « 
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there must be some sacrifice of therapeutic efficiency, so far as cellular 
recovery is concerned 

Mapharside is apropnetary arsenical used m the treatment of syphilis , 
BAL and BAL-Intrav are possible antidotes to the signs which are 
occasionally accidents of treatment Compared with lewisite oxide, 
Mapharside is of course far less toxic Fragments of marrow poisoned 
with Mapharside (M/2000 for 30 minutes), and cultured m a medium 
containing M/2000 and M/10,000 BAL, gave a cunous and unexpected 
result, neither concentration produced a satisfactory recovery, and the 
weaker was more effective than the stronger In a repetition of this 
experiment the poisoned fragments were divided into three groups 
the first was cultured in normal medium, the second m medium contain- 
ing M/2000 BAL, and the third soaked m a saline solution of M/2000 BAL 
for 30 min utes and then cultured in normal medium Whereas the 
fragments of the third group showed quite good recovery, those in the 
second group were less satisfactory although the BAL had a longer 
time to exert its action (PI I, D) The inference was made that the 
reaction product of BAL and Mapharside is as poisonous as Mapharside 
itself, when the fragments poisoned with Mapharside are soaked m a 
solution of BAL, the reaction product can diffuse into the solution, 
and on transferring them to normal medium they are largely freed from 
the poisonous action of the product , but if the poisoned fragments are 
mounted in a medium containing BAL, the product remains m the 
medium and inhibits growth 

It was found that equimolar solutions of Mapharside and BAL, 
when mixed, did seem to be toxic Meanwhile, however, Dr L A 
Stocken had prepared a pure crystalline specimen of the reaction product 
of BAL and Mapharside With this material it was possible to show, 
first, that the product is shghtly more toxic than Mapharside (PI II, 
A and B) , and secondly, that when treated with an excess of BAL the 
damage caused by the produot can be partly reversed (PI II, C) , both 
results have been mdependentiy demonstrated by Peters and Stocken 
[1947], using rats lb is reasonable to suppose that the product 
hydrolyses in the cell into its two constituents 

product Mapharside + BAL 

If the product is non-poiaonous, and becomes poisonous when broken 
down in the cell, it is also reasonable to suppose that an excess of BAL 
will tend to shift the equilibrium to the left, PI II, C, suggests that this 
process, or something like it, does occur The importance of using 
therapeutically high dosages of BAL, when treating signs due to 
Mapharside, is evident 

Fragments poisoned with Mapharside were not revived by soaking 
m BAL-Intrav, which is only to be expected, with BAL-Intrav m the 
medium there was some revival (The reaction product between BAT,. 
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Intrav and Mapharside was not available as a pure crystal, a mixed 
solution of BAL-Intrav and Mapharside, m equimolar quantities, 
seemed to be less toxic than Mapharside alone ) When glutathione 
(M/500) was added to the medium together with BAL-Intrav the revival 
was better still Danielh et al [1946J have suggested that arsenical 
therapy with BAL-Intrav might be improved by thiols which could act 
as “earners" The glutathione effect, however, does not seem to be 
due to a “earner” property of the molecule, for a dithiol of proved 
antidotal value, such as BAL itself, should be more effective than a 
monothiol in aiding the transfer of arsenical from the protein to the 
BAL-Intrav, with Mapharside, as we have seen, there is evidence that 
the BAL-Mapharszde product is unstable, and this instability should 
favour the exchange Yet all attempts to improve the antidotal action 
of BAL-Intrav by adding BAL have failed It should be noted, 
however, that in these experiments the dithiols were present together 
in the medium, from which no excretion was possible, we cannot safely 
conclude that treatment with BAL would not improve the action of 
BAL-Intrav w the intact annual, the experiments merely do not 
support the “earner” theory Bamelh et al [1946] have found that m 
animals a combined dosage of BAL and BAL-Intrav is more effieaoious 
than BAL-Intrav alone, thi3 may well be so, not because of any 
“earner” effect, but because with BAL-Intrav the range of effective 
therapeutic concentrations is small (as noted above) , on the other hand, 
the “earner” effect may only become important when there is a flow 
of fluid through a tissue 

Glutathione does not act simply as a protective agent for the -SH 
groups of BAL-Intrav, since neither cysteine, nor ergothioneme, nor 
BAL itself act m the manner of glutathione when present in the medium 
with BAL-Intrav Experiments with normal marrow have convinced 
us that glutathione stimulates the granulocytes themselves 

BAL and BAL-Intrav as Antidotes to Mercury and Antimony 

The comparison between BAL and BAL-Intrav has been extended 
to mercury and antimony Fragments poisoned with mercuric chloride 
(M/10,000 for 30 minutes) are revived to some extent by BAL-Intrav 
and to a lesser extent by BAL (Pi II, D) Professor R A Peters 
suggested that mercury poisoning might be reversed by sodium sulphide, 
it will be seen (PI HI, A) that sodium sulphide is at least equal to BAL- 
Intrav if not rather better, a combination of the two does not, however, 
offer any advantage over either component alone 

The illustrations refer only to treatment by soaking, almost identical 
ults have been obtained with the remedies at a lower dilution in 
+T medium The impression has been gained that BAL-Intrav is 
distinctly superior to BAL in the treatment of mercury poisoning 
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Later work [1946-46] by W T Longcope and J A Leutsoher, reported 
by G ilma n [1946], suggests that BAL-Intrav is a better remedy than 
BAL for mercury poisoning m animals 

Antimony has a wide apphcation in the treatment of tropioal diseases 
due to Leishmama , , owing to its slighter toxicity, as compared wuth 
arsenic, antimony gives rise to fewer complications and sequelae, 
nevertheless, a remedy against overdosage is desirable The first 
experiments were earned out with antimony potassium tartrate, here, 
as with Mapharside, the reaction product with BAL is toxic , ounouBly 
enough, the reaction product with BAL-Intrav is also toxic (PI HI, B 
and C) Neostam, a propnetary antimomal, gave similar results, the 
reaction products with both antidotes being toxio, BAL-Intrav was 
superior to B AT, m the soaking experiments (PI HI, D) but slightly 
inferior m the medium Our findings suggest that provided a free 
excretion of the reaction products can be secured, by diuretics and a 
liberal supply of fluid, BAL-Intrav should be of considerable value m 
antimony intoxioations 


Benzene Poisoning 

Dr Smith Freeman, of Northwestern University, suggested that the 
oulture of bone-marrow fragments might throw light on the mechanism 
of benzene poisoning Although an extended investigation was not 
possible, the results are not without interest Benzene itself, suspended 
as droplets m the medium, is not toxic In the intaot animal, where 
benzene produces (among other symptoms) severe damage to the bone 
marrow, we may suppose that an oxidation product is the responsible 
agent, indeed, Yant et al [1936] have demonstrated an increased 
excretion of phenolic substances when benzene is inhaled by animals 
and man Phenol is toxic, when exhibited in the medium, at a con- 
centration of M/100, the tnhydne phenols, phloroglucmol and pyro- 
gallol, are toxic at concentrations of M/100 and M/60 respectively, but 
the dihydne phenols are very much more toxic, hydroquinone at M/800, 
catechol at M/400, and resorcinol at M/100 Jost [1932] has isolated 
dihydne phenols from the unne of animals exposed to benzene vapour, 
the results with bone-marrow cultures point strongly to the dihydne 
phenols, rather than phenol itself, being a cause of leucopema in benzene 
poisoning 


SmraiAEY 

1 A method of cultivating bone marrow in vitro is desenbed, 
together with its applications to toxicology and therapeutics 

2 BAL and BAL-Intrav have been compared as antidotes to 
arsemcals BAL-Intrav is les3 toxic than BAL, but is less potent as an 
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antidote to lewisite oxide, and the range of effeotive therapeutic con 
centrations is smaller The reaction product of BAL and Mapharside 
is toxic , the toxicity is diminished by an excess of BAL The reaotion 
product between BAL-Intrav and Mapharside appears to be less toxio 

3 Extending the comparison to meroury and antimony, it appears 
that BAL-Intrav is superior as an antidote to BAL Both substances 
form toxic reaction products with antimony potassium tartrate and with 
Neostam, it is suggested that m the mtaot animal every effort should 
be made to encourage the excretion of these products 

4 Benzene is not toxic to bone marrow, of its oxidation products, 
the dihydnc phenols are much more toxic than the tnhydno phenols 
or than phenol itself 

We are indebted to Surgeon-Lieut N M Hancox, RNVR, for 
allowing us to make use of his work on the culture of bone marrow , to 
Mr P D Mitohell, Dr L N Owen, and Dr L A Stooken for gifts of 
chemicals, to Mr R M Weston, ERPS, for the photographs, to 
Professor R A Peters, PRS, Professor G R Cameron, F R S , and 
Surgeon-Captain A Fairley, R N , for advice and criticism, and to 
the Chief Scientist, Ministry of Supply, for permission to publish 
this paper, the substance of which has already appeared in Porton 
Reports (1944-45) 
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Application of Bone-Marrow Cultures to Toxicology 


EXPLANATION OF PLATES 

(Photographs by dark ground illumination, magnification 6 diameters ) 

Plate I 

1 Typical normal control 

2 Poisoned with M/300,000 lewisite oxide for 1 hour, and mounted m normal medium. 

3 As above, but mounted in medium containing M/10,000 BAL 

1, 2, 3 As A 2, but mounted in medium containing M/1000, M/4000 and M/18,000 BAL 
respectively 

1, 2, 3 As A 2, but mounted in medium containing M/50, M/200 and M/800 BAL 
Intrav respectively 

1 Poisoned with M/2000 Mapharside for 30 minutes, and mounted in normal medium. 

2 As above, but mounted m medium containing M/2000 BAL 

3 As D 1, but soaked in M/2000 BAL for 30 minutes, and mounted in normal medium 


Plate II 

1, 2, 3 Poisoned with BAL-Mapharade reaction product, M/10,000, M/20,000 and 
M/40,000 respectively, for 30 minutes, and mounted m normal medium. 

1, 2, 3 Poisoned with Mapharside, M/10,000, M/20,000 and M/40,000 respectively, 
for 30 minutes, and mounted in normal medium 

1 Poisoned with M/1000 BAL Mapharside reaction product for 30 minutes, and 

mounted in normal medium. 

2 As above, but mounted in medium containing M/4000 BAL 

3 As C 1, but soakod in M/2000 BAL for 30 minutes, and mounted in normal medium 

1 Poisoned with M/10,000 mercuno chloride for 30 minutes, and mounted in normal 

medium. 

2 As above, but soaked in M/400 BAL for 30 minutes, and mounted m normal 

medium 

3 As D 1, but soaked in M/40 BAL Intrav for 30 minutes, and mounted in normal 

medium. 

Plate HI. 

1 As Plato HDl, but soaked in M/200 sodium sulphide for 30 minutes, and mounted 

in normal medium. 

2 As Plate n, D 1, but soaked in a mixture of M/40 BAL-Intrav and M/200 sodium 

sulphide for 30 minutes, and mounted in normal medium. 

1 Poisoned with M/400 antimony potassium tartrate for 30 minutes, and mounted 

m normal medium 

2 As above, but mounted in medium containing M/4000 B AT,. 

3 As B 1, but soaked in M/400 B A L for 30 minutes, and mounted in normal medi um 

1 As B 1, but mounted in medium containing M/200 BAL-Intrav 

2 As B 1, but soaked in M/40 BAL Intrav for 30 minutes, and mounted in normal 

modium. 

1 Poisoned with M/8 Neostam for 30 minutes, and mounted m normal medium. 

2 As above, but soaked m M/400 BAL for 30 minutes, and mounted in normal medi um 

3 As I) 1, but soaked m M/40 BAL-Intrav for 30 minutes, and mounted in nor mal 

medium 
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NOTE ON A METHOD FOR THE DEMONSTRATION OF 
PULMONARY VASOMOTOR FIBRES By I de Burgh 
Daey and Helen Duke From the Physiology Department, 
University of Edinburgh 

( Received Jot publication 11 th December 1947 ) 

When the blood inflow to the lungs is kept constant and there is a free 
outlet for the blood from the left auricle, the response of the pulmonary 
arterial pressure to nerve stimulation is an effective measure of pul- 
monary vasomotor activity provided broncho-constriction is not an 
accompanying response The passive effects on the pulmonary vascular 
bed due to broncho-constnction can be prevented by carrying out nerve 
stimulation whilst the lungs are quiescent, or by the addition of atropine 
to the blood if pulmonary sympathetic vasomotor responses alone are 
being tested These conditions can be achieved by perfusion of the 
pulmonary vascular bed with additional perfusion of the bronohial 
arteries or of the whole systemic circulation [Daly, Elsden, Hebb, 
Ludaay and Petrovskaia, 1942] Such perfusion experiments, although 
giving the desired control conditions, are somewhat laborious A more 
simple procedure for testing the presence of adrenergic but not cholinergic 
pulmonary vasomotor fibres has been developed whereby control of the 
pulmonary circulation is established by perfusion through one lung 
only of an atropmised animal 


Methods 

In dogs amesthetised with intravenous chloralose (British Drug 
Houses, Ltd ), 0 1-0 15 g / kg body-weight, a traoheal cannula is inserted 
and artificial respiration earned out by a Starling Ideal pump The 
sternum is split m the mid-line and the thoracic viscera exposed The 
left pulmonary artery is carefully freed by blunt dissection from adjacent 
tissues and two loose ligatures placed round the artery in its mtra- 
pencardial course In order to obtain a sufficient length of artery the 
ductus arteriosus may have to be divided Care is taken to exclude 
nerve fibres from within the ligatures to ensure that the pulmonary 
vasomotor path to the left lung is not interrupted Heparin (B D H , 
Jorpes), 1000 International Units per kg body-weight, is injeoted intra- 
venously A cannula is inserted into the right auricle through the 
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appendix and connected by rubber tubing to the input side of a Dale 
Schuster pump chamber (fig 1) The ligature on the left pulmonary 
artery nearest to the mam branch is then tied, and gentle traction 
exerted upon the rema inin g loose ligature to prevent air entering the 
vessel whilst the portion of the artery between the two ligatures is 
incised and a cannula inserted and tied m This cannula is connected 
by rubber tubmg to the output side of the pump chamber The pump 
chamber and connections having been filled with blood from the right 



From Hale Schuster 
Pump Chamber 


To L P.A-p recorder 


To L.A.p recorder 


Flo 1 — Arrangement of perfumon apparatus 
a ■= rubber finger stall m pump chamber 
b and o=in!et and outlet valve chambers respectively 


auricle or from another animal bled for the purpose, the pump is started 
up and the left lung perfused We performed two experiments, one in 
which the procedure was earned out as desenbed above, and the other 
m which a small water-jacketed blood reservoir kept at 37° C was 
inserted between the nght auricle cannula and the mput side of the 
pump chamber 

The following records were taken left carotid artenal pressure, 
left auricle or nght auncle pressure, left pulmonary artenal perfusion 
pressure, and respiratory efforts of the animal by a lever attached through 

a thread to the nbs , 

Electncal stimulation was earned out by a square-wave stimulator 
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■with independent control of voltage duration and frequency of current 
[Ritchie, 1944] In the following description of changes in these 
parameters, the numerical values of the voltage, duration and frequency 
will be placed m that order, separated by an oblique stroke thus, a 
s tim ulus of 10 volts, 1 m /sec duration and 50 per sec frequency = 
10/1/50 

For the demonstration of pulmonary vasomotor nerve activity the 
method has limitations which it is important to recognise Since the 
left pulmonary artery blood-flow is kept constant, any immediate 
changes in left pulmonary arterial pressure following nerve stimulation 
can only be due (1) to alterations in the resistance of the pulmonary 
vascular bed of the left lung, or (2) to changes m left auricle pressure, 
or (3) to variations in the amount of blood transferred through com- 
municating vessels from the bronchial vascular system to the pulmonary 
vascular bed of the left lung The first of these can be due to direct 
eleotncal excitation of the pulmonary nerve fibres, or to excitation of 
their cells of origin such as might occur by an lschiemic or reflex 
stimulus due to a fall in systemic artenal blood-presBure consequent upon 
concomitant excitation of cardio-inhibitory fibres The cervical and 
thoracic vagosympathetic nerves contain both cardio-inhibitory and 
pulmonary vasomotor fibres Atropimsation of the animal prevents 
the cardio-mhibition and blood-pressure fall. The second can be due 
to excitation of cardio-accelerator or cardio-inhibitory fibres, whioh 
generally leads to a fall and nse of left auncle pressure respectively 
If the direction of pressure changes in the left auricle and left pulmonary 
artery is similar, it is clear that the pulmonary arterial pressure altera- 
tion may be entirely dependent upon the change in pressure m the left 
auncle If, however, these pressures move m opposite directions, the 
direction of the left pulmonary artenal pressure change is not deter- 
mined by that in the left auncle Here again atropine will prevent 
such unwanted cardiomotor events The third effect which may alter 
the pulmonary artenal pressure is a change m the amount of blood 
transferred from the bronohial to the pulmonary vascular bed This 
may occur as a result of gross alterations in systemic artenal pressure 
[Berry and Daly, 1931] There is also the possibility that even in the 
absence of blood-pressure changes, pulmonary nerve stimulation may 
control the cahbre of the communicating vessels between the two 
systems [Daly and Hebb, 1942] 


Results 

The foregoing considerations underline the necessity for the admini- 
stration of atropine when usmg the method for testing pulmonary 
vasomotor nerve fibres m nerve trunks which also contain cardio- 
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inhibitory and broncho-consfcnctor fibres This may be illustrated by 
reference to fig 2 Before the administration of atropine, stimulation 
of the left cervical vagosympathetic nerve (L CVS) at 40/1/50 at 



3 24 p m. 3 *2 p,m. 


Fxo 2 — Expfc 80a Dog, 10 2 kg Chloralase Hepaira Left lung 
perfused Right lung normal circulation. L C V S (left cervical vagosympathetic 
nervo) out Left lung perfusion started 2.49 pun Rectal temp 37°-37 5° C 
3 24 pan Stimulation of L C V S 40/1/50 
3 42 pan Stimulation of L CV S 30/1/50 

Tracings from above downwards 

RaV.p = right aunde pressure 
L Pai.p =lef t pulmonary arterial pressure 
B P = carotid arterial pressure 
Ribs =rib movements 


3 24 p m causes a rise m left pulmonary arterial perfusion pressure 
p ^ p ^ybioh may be due in part to an increase m left aunde 
pressure (LAp) consequent upon the heart slowing The record, 
m point of fact, shows a right auricle pressure (RAp) me, but since 
the heart slowed it can be safely assumed that the L A p also rose An 


t 
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additional explanation of the nse in L P A p is the production of an 
ischaemic or reflex stimulation of the pulmonary vasoconstrictor nerve- 
cells of origin Later on in the experiment at 3 42 p m a weaker 
stimulus 20/1/60 is followed by a fall in L P A p The R A p rise ib 
smaller than before, and if we assume that the L A p is correspondingly 
changed, then the production of the L P A p fall cannot be due to 



4 SI p.m. 6.12 _jum 6.16 p m 

Fig 3 — Some experiment as fig 2 

4 10-4 30 pan Atropine sulphate 7 mg 
4 61 p m Stimulation of L T V S 40/1/60 
6 12 pan Stimulation of R T V S 60/1/60 
6 16pm Stimulation of L T V 8 40/1/50 
TVS = thoracic vagosympathetic nerve 

events taking place in the left auricle It may have been due in part, 
however, to the transfer by the communicating vessels of a smaller 
amount of blood from the bronohial to the pulmonary vascular bed on 
account of the rapid and profound drop m systemic blood-pressure 
which is recorded Thus it may be seen how difficult it is to determine 
the precise origin of the changes mLPAp which have been produced 
in the two tests and, although we may suspect that stimulation of 
vasoconstrictor nerve fibres causes part of the one response (L P A p 
nse) and stimulation of vasodilator fibres part of the other (L P A p 
fall), ue have no decisive evidence that this is so The administration 
of atropine, on the other hand, provides conditions which are simple 
to unalyse, and enables us to observe pulmonary vascular responses to 
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nerve stimulation m the absence of any bronchomotor or systemic 
vasomotor changes 'which could simulate or mask such responses For 
example, in the experiment of fig 3 when atropine sulphate (7 mg ) 13 
administered intravenously and a nerve, m this case the thoracic vago 
sympathetic (TVS) nerve, conta inin g pulmonary vasomotor fibres 
is subsequently stimulated, the pressure m the right auricle (and presum 
ably m the left auricle) and the systenno arterial pressure show no 
significant ohange In spite of this, stimulation of the caudal end of the 
L T V S nerve (40/1/50 at 4 51 and 5 16 p m ) at the aortic arch level 
gives a well-marked LPAp nse, and of the caudal end of the R T V S 
nerve (50/1/50 at 5 12 p m ) at the upper border of the superior azygos 
yem a scarcely significant response, suggesting an ipsilateral distribution 
of the nerve fibres Since an intravenous dose of 2 mg atropine is 
usually sufficient to paralyse broncho-constnotor fibres, passive effeots 
from broncho-constnction on the pulmonary vascular bed oan be ruled 
out 

We interpret this result as indicative of the presence in the TVS 
nerves of vasoconstrictor nerve fibres to the pulmonary vascular bed or, 
an alternative which must not be neglected and is dealt with below, 
of the presence of vasodilator fibres to the blood-vessels in the lung 
' which control the transfer of blood from the bronohial to the pulmonary 
vascular bed 

Our next step was to obtain a direct measurement of the pressure 
m the left auricle during pulmonary nerve stimulation Fig 4 shows 
that a weak stimulus 6/10/50 of the caudal end of the L T V S nerve 
at 4 38 pm, eight minutes after the intravenous mjeotion of 2 mg 
atropine sulphate, gives a small diphasic response of the LPAp 
without causing any significant change m LAp or in systemic blood- 
pressure A stronger stimulus 20/10/5 0 at 4 48 p m caused a marked 
rise mLPAp accompanied by a fall mLAp The lowering of the 
LAp may have been due to an mcrease in the resistance of the 
pulmonary vascular bed, and/or to the cardiao acceleration of 28 to 41 
beats m 10 seconds which ocourred If due solely to the cardiac 
acceleration, the LPAp would tend to fall, and therefore it is the 
more significant, as indicating that pulmonary vasoconstriction ocours, 
that the fall mLAp is accompamed by a nse in the LPAp of 18 

per cent „ , 

With regard to the possibility mentioned above that the LPAp 
rise is due to vasodilatation of the communicating vessels between the 
bronchial and pulmonary vasoular bed, nerves accompanying the 
bronchial arteries have been desonbed by several investigators 
TReisseisen and Sommermg, 1808, Reisseisen, 1822, Kolliher, 1852, 
Berkly 1893, Braeucker, 1926] Larsell and Dow [1933] demonstrated 
the presence' of nerve fibrils m the smooth muscle of the bronchial 
arteries which probably take origin horn the thoracio sympathetic 
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chain at levels T 1 to T 5 [Hovelaeque, 1927, Rjasanskij, 1928] Con- 
cerning the function of these nerves, Daly and Euler [1932] have shown 
that stimulation of the thoracic vagosympathetic nerves in isolated 
lung preparations, perfused both through the bronchial arteries and 



4 38 p (n 


4 43 p m 


Fla 4 — Expt 856 Dog $, 11 7 kg Ether induction followed by chloraloso 
Left lung perfused Bight lung normal circulation Perfusion started 2 12 pun 
4 38 pun Stimulation of L T V S 6/10/60 
4.48 pun Stimulation of L T V S 20/10/60 
Add =rate of auricle 


pulmonary artery, causes a rise m bronchial arterial pressure which 
is not suppressed by atropine but is suppressed by ergotamine In 
other words, there is evidence that such nerve fibres are vasoconstnotor 
and not vasodilator * This is supported by the observation m fig 4 
that TVS stimulation at 4 48 pm causes a small rise m blood- 

* Recently H D Bruner and Carl F Schmidt (Amer J Phyawl , 1947, 148 
04S) liave presented data which indicate that the vagua carries eholmergio dilator 
fibres and the thorocico lumbar predominantly adrenergic constrictor fibres to the 
bronchial artery system 
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pressure which m all probability is due to stimulation of sympathetic 
vasoconstrictor fibres to the vessels of trachea, oesophagus and thoracic 
panetes, as well as to the bronchial arteries [Daly and Euler, 1932] If 
this is the correct interpretation, then we may assume that any effect 
of T V S nerve stimulation on the bronchial artenes would tend to cause 
a diminution in blood transferred to the pulmonary circulation, and 
therefore a fall of LPAp, not a rise The nse in IPAp which 
is observed to occur with stimulation of the TVS in atropimsed prepare 
tions is therefore unlik ely to have been due to dilatation of the 
communicating vessels We may conclude, then, that it is due to 
pulmonary vasoconstriction 

We have been able to resolve unequivocally the problem by demon 
strating in the perfused living animal that when the systemic oiroulation 
pump is temporarily switched off and the blood-pressure thereby reduced 
to zero, TVS stimulation still causes pulmonary vasoconstnotion m 
the absence of bronchomotor effects These experiments will be 
pubhshed shortly 


Summary 

In the atropnused dog in which the left lung only is perfused at 
constant blood inflow, experiments are described which give evidence 
of the presence of pulmonary vasoconstrictor fibres in the thoracic 
vagusWUmiiihetic nerves 
iNG . 
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The purpose of this communication is to describe ^eflythe ^results of 
some tests which were earned out on the isolated P e ^ d lungs f i 
Macacus rhesus which, though limited in num er, resu i ts may 

marked pulmonary vasoconstnotor action 2 -p i an( p 

he of interest: m the light of the eonohision reached by Eule r end 
Liljestrand [1946] that CO. has a similar aotion on the pidmo 5 
of the eat So for as we are aware, howew, no study of this kmd hoe 
been made on the monkey, and our evidence sugges s a P 
vessels of this ammal are as sensitive, if not more so, o a e 3 

are those of the cat (as judged by the published o serva ions 
authors cited) 


Methods 

The, lungs were perfused with blood at constant volume inflow and 
under negative pressure ventilation The procedure and tec mques 
employed are s imil ar in principle to those described by Da y L J 
The animals used were bled from the femoral artery after administration 
of nembutal (20 mg /kg injected rntrapentoneally) and a loca app 1 
cation of novocame Hepann was used to prevent coagulation o e 
blood 

The pulmonary arterial pressure (P A p ) was measured by means 
of a small membrane manometer The tidal air volume (T A ) was 
recorded by means of a small spirometer equipped with a writing-point 
This was connected directly to the bronchial or tracheal cannula, the 
lungs, spirometer and intervening connections (of wide-bore rubber 
tubmg) formed a closed system of approximately 300 c o in capacity 
Additions of gases to this system were made by means of a 20-o c 
syringe attached to a fine hypodermic needle the point of which was 
passed into the airway through the rubber connection nearest the lungs 
At each observation the injection of gas (either 0 2 or CQ S ) was completed 
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during the momentary pause in the respiratory movements winch 
occurred just before the beg innin g of inspiration By t imin g the m 
jection in this way it was possible to ensure that the greater part of the 
added gas would be oamed into the lung with the succeeding inspiration. 
It is not possible to be certain m what concentration the added gas 
reached the lungs , if evenly diluted by the volume of air with which it 


co 2 o. d 0j 



(i) (2) (3) 


Fid 1 — Macacua rheaua, 4 1 kg , 10 yrs old Isolated right lung porfused 

with hepanmsed blood of same animal (open circulation) Observations (1) and 
(3) at 1 hr 11 min and 3 hr 19 mm. after commencing perfusion, 20 c o. COj 
added to closed ventilating system observation (2) at 1 hr 27 nnn., 20 o o 0, 
added to system. Each addition of gas indicated by upward displacement of 
spirometer (top tracing) as well as by signal 
PJt p =pulmonary arterial pressure (calibrated in cm blood), T.A.=tidal air 


was first earned into the lungs, the concentration of COj to whioh the 
tissue was exposed may have been of the order of 20 to 30 per cent 
dunn 0, the space of one or two respirations, t e until more adequate 
mixing of the gas occurred 


Results 

The two figures shown illustrate the results of two out of a total of 
TDenments In all three it was found that the addition of C0 3 
* in 20 c c doses caused a sharp morease m P A p In the 

t0 t ntoffig 1 it may be seen that the injection of 20 c c of CO. into 
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the airway at 1 hr 11 min after the start of perfusion was followed almost 
immediately (within 5 seconds)i by a rapid rise in P A p i ji'hich at its 
maximum was equal to an increase of about 20 per cent~aboyeth^ poiffr5t>-^^ 
value A simdar injection at 3 hr 19 mm produced a^hc^WgQ^ / ' 
change, in t his case the increase being equal to" 47 per cent above the' ' O 
control value The maximum, was reached in both tests between Land ^ \ i ' 
2 mm after the a dminis tration of C0 2 , the rise m pressure "was hot 
sustained and returned gradually to the control level ^ 

In the experiment of fig 2 there was evidence agam of an increasing _ 

CO, COj o, co, co, co, 



(!) (2) (3) (4) (5) (0) 


Fio 2 — Macacus rhesus, 4 1 kg , 5 3 yia old Both lungs perfused together 
with closed circuit cont aining 1 part hepamnsed blood of animals- 1 part human 
citratod plasma. Six successive observations made at 1 hr 12 min, 2 hr 12 mux, 
2 hr 43 min., 3 hr SB mm , 6 hr 1 m in , and 5 hr 48 min from commencement of 
perfusion. Administration of gases aamSg 1, volume m eaoh case being 20 o c. 


intensity of the response as perfusion proceeded for as long as 3 hours 
At the first test at 1 hr 12 mm there was a barely perceptible increase 
m P A p , amounting to about 3 per cent , at 2 hr 12 mm an increase 
of about 9 per cent was obtained, while at 3 hr 26 mm an increase of 
27 per cent was observed In this experiment this was the largest order 
of response observed, since the last two responses after 6 hours of per- 
fusion were smaller, being equal to moreases of 18 and 10 per cent (in 
that order) above the values immediately preceding each addition of C0 2 
It will be observed that in each experiment the addition of 20 c e 
pure oxygen had either no effect on the P A p (fig 2) or produced a 
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sbght fall (fig 1) These injections served as a useful means of control- 
hug any mechanical effects — such as an merease in mtrapulmonary 
pressure — which might be suspected to play a part in producing the rise m 
P A p observed when C0 2 was injected into the airways m a similar 
manner 

An merease m mtrapulmonary pressure leading to a nse in P A p may 
occur as the result of broncho constriction [Daly and Hebb, 1942], and 
m assessing any change in the flow pressure it is necessary to take this 
factor mto consideration In the present experiments we found no 
evidence that C0 2 caused a change m the resistance of the airways, 
since the tidal air volume remained nearly constant over the period of 
each observation when maximum changes in P A p were produced 

We concluded, therefore, that C0 2 acted specifically to produce 
pulmonary vasoconstriction While it seemed likely that changes in 
P A p of the order observed were due to arterial or artenolar constriction, 
constriction of the venules or capillaries might, also have been implicated 
[see Daly, 1938] We obtained no evidence by which we could exclude 
or implicate any particular group of pulmonary vessels in the response 


Discussion 

As we have already mentioned, Euler and Ialjestrand [1946] found 
evidence that C0 2 has a constnotor action on the pulmonary vessels of 
the cat Their experiments were carried out on living anaesthetised 
animals Under these conditions it was found that inhalation of gas 
mixtures containing 6 6 per cent or more of CO« increased the P A p 
The order of change which they found was not so large as some of the 
responses observed in the two experiments described here, nor is it 
definitely proven m their experiments that the effeot depended entirely 
on an moreased resistance of the pulmonary vessels, since the coincident 
rise m systemic pressure was much larger and it would he difficult to 
exclude the possibility that the increase m Pip was not m some 
degree dependent upon cardiac or systemic effects It would be inter- 
esting, therefore, to compare the blood-vessel responses of the monkey 
lungs and cat lungs under the same conditions of experiment, since the 
foregoing considerations suggest that of the two the former may he the 
more reactive to C0 2 

We should add that we have had the opportunity of making a 
number of similar tests on the isolated perfused dog lungs (8 experi- 
ments) but, although observing the same conditions of test, we were 
unable to produce any significant change m the P A p We are inclined to 
h lieve that this is a true species difference, but it is possible that it may 
, kave been due to differences in ventilation The perfused 
m nk y lungs showed little or no evidence of spontaneous broncho- 
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constriction, but in the perfused dog lungs this condition was almost 
always present to some degree, and may have been sufficient to hinder 
rapid access of C0 2 to the alveoli If so, we may suspect that the 
alveolar concentration of the gas did not reach a very high concentration 
at any one tune, while there is the additional possibility that the vessels 
were able to adapt themselves to an increase m concentration of C0 a 
which was only slowly built up 

SUMMABY 

' Experiments carried out on the isolated perfused lungs show that 
the inhalation of C0 3 in relatively large amounts leads to a rapid nse 
in pulmonary arterial pressure which is found to be due to constriction 
of the pulmonary vessels This effect was not observed when similar 
tests were made on the isolated perfused lungs of dogs 
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THE EFFECTS OF SKIN CONTAMINATION WITH LIQUID 
MUSTARD-GAS ON WATER BALANCE IN AN IMAL S By 
G' R Cameron and F C Courtice From the Experimental 
Station, Porton, Wilts 

(Received Jot publication 2i th January 1948 ) 

When liquid mustard-gas, 2 2' dichlorodiethyl sulphide, is applied to 
the skin, local erythema, vesication, and cedema are observed m man, 
and erythema and oedema m animals If the dose is sufficiently large 
histological changes may be evident in lymph glands, lymphoid tissue, 
and the hone marrow These changes may lead to leucoprema [Stewart, 
1918, Cameron, unpublished results] Similar observations in the 
blood-forming tissues have been made after administration of nitrogen 
mustards [c/ Gdlman and Philips, 1916, Cameron, Courtice, and 
Jones, 1947] Mustard-gas may also affect the alimentary tract, 
causing diarrhoea and salivation in experimental animals [Warthin and 
Weller, 1919] These observations suggest that mustard-gas or a 
derivative penetrates the skin and is absorbed into the circulation 
Banks, Boursnell, Francis, Hopwood, and Wormall [1946] have 
shown that mustard-gas containing S M as a tracer element combines 
vn vitro with proteins It seems possible, therefore, that some of the 
mustard-gas will combine -with the proteins of the tissue fluid after 
penetration of the skm If this is so, a portion should enter the 
lymphatics and be absorbed in this way The first part of the present 
investigation concerns the local effects of mustard-gas on capillary 
permeability and possible absorption by the lymph The second part 
deals with the general systemic effects of fluid, loss locally in the skm 
and from the alimentary tract 

The experiments reported here were earned out m 1941—43, m 
view of the possibility of heavy contamination with liquid mustard- 
gas during the war, especially m the tropics The hazard m hot 
chmates is increased by the more rapid penetration of mustard-gas 
through the hot sweaty skm [c/ Cullumbme, 1947] 

Methods 

Dogs, goats, rabbits, and gumea-pigs have been used in t ins 
investigation All animals were unantesthetized except where specialty' 1 
mentioned 
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The local effects were investigated on dogs anesthetized with 
nembutal The flow and composition of the lymph from the skm of 
the forepaws were studied by cannulating the mam lymph duct just 
above the paw and collecting the lymph before and after contaminating 
the paw with liquid mustard-gas The toxicity of the lymph and of 
the blood coming from the contaminated area was tested on tissue 
cultures of bone-marrow fragments [cf Hamson and Randoll, 1947] 
The general effects of the local loss of fluid on the blood were studied 
by determinations of the blood volume (Evans Blue method), plasma 
protem concentration (microkjeldhal), haemoglobin per cent (Haldane 



Kio 1 — Effects of contamination of the forepaw of the dog with liquid 
mustard gas, -10 mg /kg body weight, on the lymph from tho mam lymph auot 
cannulated just above the paw 


htemoglobmo meter), and red cell counts m goats and rabbits The 
dehydration caused by the resulting diarrhoea was mvestigated by 
determinations of the body-weight and water content of the tissues in 
rabbits and guinea-pigs The effects of dehydration on renal function 
were studied m rabbits and in acute experiments m dogs anesthetized 
with sodium barbitone 


Results 
1 Local Effects 

The Lymph Flow from the Dog' 3 Paw before and after contamination 
with Liquid Mustard-gas —Typical results of these experiments are 
, in fig 1 In all cases local cedema was produced with a consider- 
bhTmcrease m lymph flow and in lymph protem concentration to 
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about the level in the plasma In the experiment represented in 
fig 1 (a) the onset of oedema was rapid and the lymph flow became 
spontaneous, and greatly increased soon after the application of 
mustard-gas, whereas in the experiment represented m fig 1 (6) the 
onset of oedema and increase m lymph flow was much more gradual 



(o) (d) 

Fia 2 — The growth of bone marrow fragments m tissue culture after 24 hours 

(а) Normal bone marrow control. 

(б) Bono marrow previously placed for 1 hour in normal lymph from the 

forepaw duct of dog 

(o) Bone marrow previously placed for 1 hour m lymph from forepaw 
duct after contamination of paw with mustard gas 
(d) Same as (o) except that lymph was changed every 10 min utes 


Thus although the room temperature at whioh the experiment was 
done was always about the same, the rate of penetration of mustard- 
gas into the skm varied m different dogs, but in all cases permeability 
of the local capillaries to the plasma proteins was increased 

The Tox%c\ty of the Lymph draining the contaminated Area — Lymph 
was collected from the ducts of the paws of dogs before and after the 
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skin was contaminated with mustard-gas The toxicity of this lymph 
and of the blood from the vein dra inin g the paw was tested on the 
growth of fragments of bone-marrow (rabbit) in tisane culture The 
paw lymph and blood taken before contamination we have termed 
normal lymph and normal blood In all, five experiments were per 
formed in which 20-40 mg /kg body-weight of mustard-gas was applied 
to the paw in each case 

Fragments of bone-marrow were placed in normal lymph and normal 
blood (both whole blood and serum) for 1 hour Further fragments 
were placed m blood and serum taken from the vein of the foreleg 
after contamination and in lymph collected during the first, second, 
and third hours after application of the mustard-gas In three expen 
ments the lymph was changed every 10 minutes, so that m each of 
these tests the fragments were placed for a total of 1 hour in six different 
lots of lymph In each individual test five bone-marrow fragments 
were used They were all approximately the same size, and in any one 
experiment were taken from the bone-marrow of the femur of one rabbit 
After 1 hour, the lymph, blood, or serum was removed and the fragments 
cultured for 24 to 48 hours The growth increment of the fragments 
was observed at these times 

In all five experiments, the growth of those fragments that had been 
placed in normal lymph or in blood and serum taken before and after 
contamination showed no significant difference from that of control 
fragments cultured without previously being placed in lymph or blood 
In four out of the five experiments, the growth of those fragments 
placed m lymph collected after mustard-gas contamination was consider- 
ably decreased, m one case being almost completely inhibited Typical 
results axe shown m fig 2 These experiments, therefore, indicate that a 
substance which inhibits the growth of bone-marrow in tissue culture 
is absorbed in the lymph 


2 General Effects 

Local Fluid Loss and Hcemoconcenlration — Typical blood changes 
caused by fairly large doses of mustard-gas applied to the clipped skin 
of goats and rabbits are shown in fig 3 Fig 3 (a) shows the averago 
results of skin application of 40 rag /kg on three goats The loss of 
fluid locally causes a fall m plasma volume with a resultant hamio- 
concentration and decreased plasma protein level Fig 3 (b) represents 
average figures for 6 rabbits contaminated with 15 rag /kg In the 
rabbit the degree of haemoconcentration is less than in the goat, but 
the fall m plasma protein level is usually considerable, indicating a more 
effective reabsorption of fluid from the tissues m general The effects 
of skin application of mustard-gas on the blood in the dog are seen m 

fig 7 
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As a result of the fall in both plasma volume and plasma protein 
concentration, the total circulatory plasma proteins fall considerably 
(Table I) Both the total albumin and globulin fall during the first 
24 hours after ,the application of mustaxd-gaa, and generally return to 
normal in 3 or 4 days if death does not ensue before this 

The blood pressure m rabbits, measured by the Grant-Rothschild 



(«) ( 6 ) 


Fig 3 - — The effects of akin contamination with mustard gas 

(o) Goats 40 mg /kg applied to clipped akin of back Mean of 
3 experiments 

(6) Rabbits 15 mg /kg applied to clipped a kin of back Mean of 
0 experiments 


ear technique, did not fall m the experiments represented m fig 3 
The reotal temperature, however, fell considerably 

Thus m the first phase of mustard-gas poiso nin g due to skm 
contamination with the liquid, a protem-nch fluid resembling plasma 
in composition leaks out of the circulation locally The period of 
haemoconcentration in animals lasts for only 1 to 2 days, and may be 
followed by a more prolonged phase during which the animal gradually 
becomes weaker and finally dies m about 6 to 10 days During this 
tune diarrhoea is generally observed, and profuse salivation is some- 
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times evident The plasma protein concentration has by this time 
risen to normal There is an increased secretion of fluid with a total 
nitrogen content of only 50 mg per cent into the alimentary canal 
This phenomenon is apparent m the acute experiments m cats of Foss 
[1943], and in ohromo experiments in dogs with fistula carried out by 
Gregory [1043] Thus in this second phase of fluid loss there is no 
hypoprotemsemia 

Loss of Body-weight — A striking feature of the behaviour of animals 
after the slan application of mustard-gas is the rapid loss of weight 


Table I — The Total CmcroLATiNG Plasma. Fsomma, Gbaus, befobe and 

ASTER MUSTABD GAS CONTAMINATION 





After mustard gas 





Davs 




Before 







mustard gas 





' 



1 

2 

3 

■ 

Mean of 3 goats 

ran 

94 

06 

76 

91 

00 


1 SlMtf f 

37 

28 

29 

33 

36 



57 

38 

47 

68 

00 

Mean of 4 rabbits 

Total 

6 5 

44 

5 6 

00 

02 


Albumin 

3 6 

26 

29 

3 1 

28 


Globulin 

29 

1 9 

27 

29 

34 


with resultant emaciation during the first week Fig 4. depiots the 
fall in body-weight m rabbits and guinea-pigs after skin application 
and subcutaneous injection of mustard-gas The weight of groups 
of controls that were given the same amount of food remained constant 
over a given period The contaminated animals, however, did not eat 
all the food given them each day 

In attempting to discover the cause of wasting, loss of appetite and 
fasting must he considered After mustard-gas contamination, animals 
may appear ill for several days, whilst it is a frequent observation that 
gastro-intestmal lesions develop which might cause anorexia and 
wasting The amount of food eaten by rabbits after skin contamination 
-mth 5 and 10 mg mustard-gas per kg body-weight was investigated 
The rabbits were given a known quantity of food each day before and 
after mustard-gas application, and the proportion eaten was determined 
by measuring the amount left eaoh morning There were 10 rabbits 
in each group With a dose of 10 mg /kg , there follows a period of 
4 davs during which less food is taken, the mean percentage of food 
eaten falling to 58 on the second and third days With 5 mg /kg the 
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mean percentage of food eaten falls to 83 on the third day With 
larger (Joses the animals eat less, and salivation and severe diarrhoea 
are often observed Although a decreased food intake is one of the 
causes of loss of body-weight, the loss of fluid by diarrhoea and salivation 
is also a contributing factor For example, in rabbits which are given 



Fra 4 — The effects of mustard gas on body weight 

(°) Guinea pigs Subcutaneous injection of 10 mg /kg mustard gas 
' diluted in tributynn 

(6) Rabbits Skm application of mustard gas Mean of 10 experiments 
for each dose 

no food for 5 days, animals contaminated with mustard-gas lose more 
weight than control animals (fig 6(6)) 

The Water Content of the Body Tissues — The tissues of many animals 
dying from mustard-gas poisoning appear to be dehydrated In order 
to investigate this dehydration, the water content of various tissues 
was determined m guinea-pigs after the subcutaneous a dminis tration 
of 10 mg mustard-gas per kg body-weight Twenty guinea-pigs 
were so injected Seven were killed on the fourth day, 7 on the fifth, 
and G on the sixth The water content of the muscle, lungs, small 
mtestme, and skm of these 20 animals and of 20 normal a nimals was 
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determined The muscle, mtestme, and skin were taken from tie 
same position in each, animal, while the water content of the whole 


Table II — The Wateb Content op vabious Tissues of Guinea pigs before 
AND AFTER SUBCUTANEOUS INJECTION OF 10 210 /KQ MvSTASD a AS DILUTED 
IN TBXBUTVBrN 



Mean of 

20 controls 

Mean of 

20 controls after 
mustard ga3 

P 

Muscle 

73 85±0 19 

74 34 ±0S0 

05-06 

Skm 

65 33±0 49 

60 66±0 45 

<0 00003 

Lungs 

78 17±0 31 

75 55±0 50 

<0 0001 

Intestine 

80 1I±0 20 

84 75±0S7 

<0 00003 

.1 


lungs was estimated in each case The skm was taken from the back, 
well away from the site of injection, smce locally the skm was verj 



Normal After mustard gas Normal After mustard gas 


_ , _^ 0 wa ter content of the skm, intestines lungs, and muscles of guinea pigs 

- fcI ° 0 before and aftor subcutaneous injection of 10 mg /kg mustard gas 

, , The method of water estimation used was a modification 

the method of Holt and Callow [1941] The average results are given 
01 T ble II and individual results plotted in fig 5 The muscles show ed 
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no significant alteration in water content, while the skin and lungB 
contained less water The intestine was swollen and cedematous, and 
contained more water than in the control animals 

Thus it seems that when diarrhoea develops as a result of mustard- 
gas poisoning, water is lost from the bowel causing dehydration m some 
tissues The aotual percentage of water of the muscle in these experi- 
ments did not fall, hut it is probable that muscle is broken down to 
supply water, as will be seen in the next seotion 


Table III — The Plasma N.P N mo peb cent befoke and aft eh. Skim 
Application of Mustabd gas, 15 mo /kg , in Rabbits 



Days before 
mustard gas 

Days after mustard gas , 

■ 

m 

0 

Q 

2 

3 

4 

5 

6 

n 

1 

39 

40 

60 

65 

74 

Died 




2 

40 

34 

63 

60 

60 

63 

Killed 



3 

46 

37 

36 

46 

403 

Died 




4 

34 

25 

30 

27 

40 

Died 




6 

41 

47 

134 

282 

Died 





6 

30 

28 

31 

32 

31 

31 

Killed 



7 

31 

28 

40 

40 

47 


84 

137 

Died 

8 

38 

25 

38 

36 

36 


66 

69 

46 

Killed 

0 

30 

30 

42 

40 

49 

Died 




10 

42 

36 

42 

67 

168 

Died 




11 

42 

36 

68 

166 

Died 





12 

30 

30 

34 

36 

66 

64 


126 

Killed 

13 

30 

28 

40 

32 

36 

38 


04 

Killed 

14 

20 

31 

52 

64 

106 

128 

200 

Died 


15 

26 

29 

49 

36 

39 

46 

69 

Kdled 



Effects on Eenal Function and Nitrogen Metabolism 

( 1 ) Chronic Experiments m Jlabbits — In early experiments it was 
noticed that coincident with body wasting the plasma SPN rose 
The changes observed in the plasma NPN m 15 rabbits after the skin 
application of 15 mg mustard-gas per kg body-weight are given m 
Table III The increase m many cases is pronounced Experiments 
were, therefore, performed to investigate the nitrogenous metabolism 
following the skin application of mustard-gas The daily urea out- 
put and the plasma urea were determined, the rabbits being kept in 
metabolism cages and cathetenzed each morning 

A senes of 6 rabbits was first investigated m this way, the animals 
being given food and water ad lib The results of a typical experiment 
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determined The muscle, intestine, and skin were taken from the 
same position m eaoli animal, while the water content of the whole 

Table H — The Waxes Content of vabious Tissues of Guinea pics setose 

AND AFTES SUBCUTANEOUS INJECTION OF 10 MO /kO JIuSTABB OAS DUCTED 

IN Tbibutybin 



Musole 

Skin 

Lungs 

Intestine 


Mean of 

20 controls 

Mean of 

20 controls after 
mustard gas 

73 85 ±0 19 

05 33±0 49 

78 17±0 31 

80 11 ±0 20 

74 34±0 80 

60 50±O45 

75 65±0 50 

84 75±0 57 



lungs was estimated in each case The skin was taken from the hack, 
well away from the site of injection, since locally the skm was very 



Normal After mustard gas Normal After mustard gas 
Ft 5 —The water content of the skin, intestines, lungs, and muscles of guinea pigs 
±ia before and after subcutaneous injection of 10 rog /kg mustard gas 


A atous The method of water estimation used was a modification 
of the method of Holt and Callow [1 941] The average results are given 
° Table II and individual results plotted m fig 5 The muscles show ed 
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mustard-gas in high doses, further experiments were performed in 
-which food was withheld but water given ad lib for 5 days after applica- 
tion and for a similar period in control animals The results of one such 
senes are shown m fig 6 ( b ) The body-weight falls more m the 



gaa 

applied 

Fio 7 — Tho changes m blood and urine induced by skm application of 40 mg /kg 
mustard gas in a dog anaesthetized with sodium barbitone 

contaminated animals than m the controls, and associated with this 
increased fall m weight is a nse in urea output and m plasma urea 
All animals do not have diarrhoea after mustard-gas contamination, 
but m those that do, wasting, oliguria, increased plasma urea, and 
increased urea output are generally observed 

(u) Acute Experiments m Anesthetized Dogs — The renal function 
baa been stuched in acute experiments where haemoconcentration has 
been produced m dogs by the skm apphcation of mustard-gas These 
acute experiments cannot show the effects of the prolonged dehydra- 
VOL XXXIV, NO 3 —1048 175 12 
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are shown in fig 6 (a) After the application of mustard gas to the 
skm, the urine volume falls and becomes fairly constant at about 
50 c c per day The concentration of urea in the urine rises, often to 
6 per cent The urea output per day rises, often to twice the normal, 



gas gas 

applied applied 

(a) (b) 

Fig 6 — The changes in plasma and unne urea after skm contamination with , 
mustard gas, 15 mg /kg , in rabbits 

(а) Food and water ad lib 

(б) Food withheld for 5 days after mustard gas and for similar period in 

controls, but water ad lib 

x f - x Alcan of 2 controls 

0 0 Alcan of 2 contaminated 

and associated with this increase in the output of urea is a rise in the 
plasma urea, gradual at first but more rapid as the animal becomes 
weaker Thus m spite of the fact that more urea than normal is being 
excreted, a great deal is accumulating in the tissues, so the actual 
breakdown of protein must be gTeatly increased Since the intake of 
food by these rabbits was much less than before the application of 
mustard-gas, the protein breakdown must have been mainly endogenous, 
renresentmg' a destruction of body tissue The body-weight of the 
rabbit represented m fig 6 (a) fell from 2 35 to 1 42 kg in 0 days 

Since most of the rabbits eat very httle after skm application ot 
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1 g urea per kg body-weight was injected intravenously into a normal 
dog, while m fig 8 (6) the same amount of urea was injected into a 
dog 6 hours after s kin contamination with mustard-gas when the blood 
was considerably concentrated In the first dog the plasma urea rose 
from 61 to 190 mg per cent 6 minutes after injection and fell to 
80 mg per cent in 4 hours This fall m 4 hours was associated with 
considerable diuresis and increased urea output In the second dog 
the plasma urea rose from 60 to 206 mg per cent 6 minutes after injec- 
tion and fell to only 160 mg per cent in 4 hours, and the diuresis was 
less marked and of a much shorter duration In the normal dog 75 
per cent of the excess urea was excreted, while in the mustard-gas 
contaminated dog only 26 per cent of the excess urea was exoreted m 
4 hours In both, the blood-pressure showed a slight rise after the 
injection of the urea 

These experiments indicate that the kidneys in oases of anhydraemia 
are less able to get nd of an excess formation of urea Either the 
filtration rate is less in the dehydrated dog or the reabsorption of both 
water and urea is increased Thus it seems that in anhydrsemia if the 
ureg production is increased, the urea output may be mcreased, but the 
plasma urea will also increaso 


Discussion 

Mustard-gas affects the skm whether apphed as a vapour or liquid 
This investigation deals only with liquid contamination Two distinct 
phases in the disturbance of water balance m animals as a result of 
heavy skin contamination with liquid mustard-gas may be observed 
The first is caused by the local action on the capillary membrane, 
increasing the permeability to plasma proteins The local loss of plasma 
into the skm may cause a decreased plasma volume, concentration of 
the blood, and hypoprotemeemia The onset of these signs depends 
upon the rapidity with which the mustard-gas penetrates the skm, 
and upon the balance between the rates of outgomg fluid locally and 
reabsorption of fluid from the unaffected tissues It has been noted m 
dogs that the rapidity with whioh mustard-gas penetrates the skm 
and produces oedema may vary considerably in different animals, for 
the onset of mcreased lymph flow may be very gradual or very quick 
In rabbits, the reabsorption of fluid seems to progress at a more rapid 
rate than m dogs and goats, so that the degree of hsemoconcentration 
is not very great m the former although the plasma protem level may 
fall considerably 

In man, the penetration of small amounts of mustard-gas is normally 
fairly rapid, but is much greater m a hot, sweaty s km than m a cold 
skm [Cullumbme, 1947] In the experimental animals used here, 
where there are no sweat glands present m the areas of skm contaminated, 
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tion, but give information regarding the early stages where plasma 13 
being lost through the damaged capillary membranes Dogs were 
anaesthetized with sodium barbitone and unne eolleoted by passing a 
catheter through the urethra into the bladder 

In fig 7 the effects of mustard-gas, 40 mg per kg , apphed to the 



Fia 8 — The changes in blood and unne following injection of 1 g [kg urea 
intravenously in 

(a) Normal dog anaesthetized with sodium barbitone, 

(4) Cog anesthetized with sodium barbitono and 6 hours after skin 
application of 40 mg [kg mustard gas 

plan of the abdomen are shown As cedema is produced the blood 
concentrates, bnt vasoconstriction prevents a fall in blood pressure, 
recorded from a carotid artery The urea output, urea clearance, and 
plasma urea remain constant In these experiments insufficient time 
has elapsed for any noticeable changes m nitrogen metabolism to occur 
The behaviour of the kidney during htemoconcenferation when tbe 
urea production is suddenly increased is shown in fig S In fig 8 (a), 
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that by keeping the contaminated limbs cold as in similar experiments 
with thermal burns [Courtice, 1946], the local oedema was greatly 
1 educed in rats and rabbits, but again the ultimate mortality rate was 
not decreased These experiments indicate that the second phase in 
mustard-gas poisoning is probably more important than the first 

In the second phase, the find loss from the gut does not lead to 
hypoprotemsemia This indicates the replacement of find and electro- 
lytes Courtice was unable to show any benefit from glucose or glucose- 
saline injections, but Cullumbine reduced the mortality somewhat 
by the administration of sodium chloride solutions by mouth, sub- 
cutaneously or mtraperitoneally if the treatment was begun early 
[Cullumbine, 1947] 

It must be remembered, however, that besides the effects on water- 
balance, mustard-gas may have a considerable effect on the blood- 
forming tissues Thus even though the water-balance may be restored 
by treatment, the white cells in the blood may be greatly reduced or may 
almost disappear altogether All attempts to prevent the bone-marrow 
and lymph gland changes in mustard-gas poisoning have so far failed 


Summaby 

The lymph flow from the skm of dogs contaminated with mustard- 
gas mcreases, and the lymph protein concentration approaches that in 
the plasma 

The lymph taken after contamination inhibits the growth of bone- 
marrow fragments m tissue culture, indicating the presence of mustard- 
gas or a toxic derivative 

The effect of local oedema is to produce hsemoooncentration and hypo- 
protemiemia lasting 1 to 2 days m goats and rabbits 

The absorption of mustard-gas leads often to diarrhoea, with loss of 
fluid from the bowel This causes dehydration without hypopro- 
temsemia The dehydration results m loss of body-weight, increased 
protem breakdown, and rise in blood urea 

We are mdebted to Mr F W Randoll for his assistance m the 
experiments with tissue culture Our acknowledgments are also due 
to the Chief Scientist, Ministry of Supply, for permission to pubhsh 
this investigation 
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this factor does not enter, hut it seems that other factors may vary the 
rate of penetration of the mustard-gas 

The second phase may overlap the first It is due to the absorption 
of mustard-gas and its aotion on the alimentary canal leading to 
diarrhoea m the contaminated animals Evidence has been given 
which suggests that some absorption may take place via the lymphatics 
Although mustard-gas combines with proteins, and although the tissue 
fluid contains some protem, this does not necessarily mean that all the 
mustard-gas absorbed combines with these proteins before it enters the 
blood-stream If it did, then it should be absorbed entirely by the 
lymphatics, so rendering absorption a slow process Although some 
of the mustard-gas may be absorbed by the lymphatics of the skin, it 
seems probable that most of it enters the blood capillaries direotly 
The fact that none was detected m the blood in the experiments 
described above, may be due to the relatively large flow of blood through 
a hmb compared with the lymph flow 

The excretion of some of this absorbed mustard-gas by the bver 
may be the cause of the alimentary symptoms Boursnell, Cohen, 
Dixon, Francis, Greville, Needham, and Wormall [1946] have shown 
that mustard-gas, containing S 35 as tracer element, injected intraven 
ously, is excreted m the unne and also m the bile The effect on the 
gut of skin contamination may vary considerably m different animals 
of the same Bpecies It is possible that this variation may depend 
partly on the rate of absorption from the skm, and partly on the rate 
of excretion by the liver m the bile Thus in a group of animals 
contaminated m the same way, some may show little or no alnnentarj 
effects, whereas in others severe diarrhoea is evident 

In those animals that do show severe diarrhoea, dehydration and 
rapid wasting ensue, generally leading to death Associated with tins 
dehydration and wasting, the signs of ohguna, increased protem break- 
down and raised blood urea are observed This syndrome is char- 
acteristic of dehydration from many causes, and has already been 
discussed by Cameron, Courtice, and Short [1947] when describing 
lewisite poisoning The inability of the kidney to prevent a rise of 
blood urea appears to be due to a circulatory change There may be 
vasoconstriction of the renal vessels, thus decreasing the filtration rate, 
or the circulatory changes described by Trueta, Barclay, Daniel, 
Franklin, and Prichard [1947] m rabbits in ischaemio shook may account 
for the changes observed 

Thus m treatment of severe mustard-gas poisoning several faotors 
have to be considered Experiments have been performed m which the 
local oedema was reduced Cameron [1945] applied pressure bandages 
to the legs of goats contaminated with mustard-gas The local cedoma 
d the^devree of hmmoconcentration were greatly reduced, but tho 
aI1 rtahty rate did not decrease Courtice (unpublished data) showed 
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In the course of a senes of experiments on the composition of respiratory 
and of pneumothorax gases in rabbits, fifty or more small samples had 
to be analysed in succession Eor this a method was required whioh 
combmed a fair acouraoy with simple handli n g, easy oleanmg, and 
great reliability The method finally adopted is principally based on 
tjie work of Schmit-Jensen [1920] A number of modifications have, 
however, been incorporated to meet the specified requirements 

Principle — The apparatus is of the constant-pressure type originally 
introduced by Timiriazeff [1877, 1885] and later greatly improved by 
Krogh [1908] It essentially consists of a long, graduated capillary 
glass tube m which the length of a gas bubble is measured before and 
after the absorption In the apparatus of Krogh and in that of Schmit- 
Jensen, as indeed in most micro-gas analysis apparatus, the absorption 
is effected m the open funnel at the end of the burette When, 
however, the size of the gas bubble is increased to 150-200 c mm this 
is no longer feasible on account of the large size of the f unn el and the 
resulting danger of the liquid dropping out Therefore the absorption 
has been carried out in separate absorption pipetteB which, when 
required, could be attached to the burette 

Both the fluid in the burette and the absorbing reagents are watery 
solutions, and thus an error is mtroduced in the readings due to the 
solubility of gases Many investigators have tried to reduce the error 
by the use of meroury This, however, is found very soon to con- 
taminate the inner surface of the narrow capillary tube In recent 
times Soholander and his associates [1942, 1947] solved this problem 
by using a micrometer burette filled with meroury The volume of the 
gas bubble is no longer read from a graduated glass tube but from the 
scale of the micrometer On the other hand, in using watery solutions 
throughout a fair degree of accuracy may also be attamed by taking 
some precautions for keeping the systematic error sufficiently constant 
and by applying the proper corrections This method permits a very 
simple construction of the apparatus and thereby promotes the ease of 
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as it never lias to contain tlie -whole gas bubble either during the intro- 
duction of the gas or during the absorption The funnel a at the other 
end of the graduated tube is of larger size (inside dimensions 6 x 40 mm ), 
m order to accommodate a piston and to offer sufficient gnp to the 
piston-housing The second capillary tube (6), which serves as a thermo- 
barometer, has only to be graduated over a short distance, and is open 
to the atmospheric air at one end, but at the other end tightly stoppered 
by a sohd rubber stopper as soon as a gas bubble of suitable size has 
been introduced 

The air-tight enclosure of the piston (fig 2, c) is ensured by a ring 
of packing material pressed down by the nut e The complete piston- 
housing may be readily removed m order to facilitate the oleamng of 
the graduated glass tube Three stiff rubber rings (6) turned on a lathe 



I’io 3 — Absorption vessel and beating jacket 

to fit over the larger funnel a of the capillary are compressed by turning 
the nut / and m this way a rigid and air-tight connexion is realised 
At the beginning of an analysis the burette is filled with fluid As 
at a higher rate more liquid will be left on the wall of the tube and 
the actual diameter of the gas bubble will decrease, the rate at which 
the gas is sucked m has to be controlled Moreover, gas is dissolving 
m this layer of fluid and the amount will depend on the thickness of 
the film In. order to minimise the resulting accidental error the gas 
bubble has to be sucked m at a constant rate, as has already been 
pointed out by Schmit-Jensen The use of a smooth piston enabled us 
to replace the clockwork mechanism used by this author by a more 
compact unit An automatic release mechanism ( d ) as used in photo- 
graphy has been supplied with an extra support (g) for attachment to 
the piston-housing The movable grip with whioh the mechanism is 
provided has been made to pull at the piston, and so the gas bubble 
could be pulled into the tube at a uniform rate The speed of the 
olockwork mechanism has to be regulated so that the velocity of the 
fluid meniscus does not exceed 10 cm m 15 seconds 

The reagents for the absorption of C0 2 and 0 2 are contamed m 
vessels (fig 3) which may be fastened to the graduated burette by 
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dismounting and of cleaning This is of prune importance, as absolute 
cleanliness is a ohief requisite in analysis of this kind 

Apparatus — Two capillary glass tubes bemg selected for uniform 
diameter are surrounded by a water-jacket (fig 1) One of these (a~e) 



p ia j — Gas analysis apparatus in Fia 2 — Fixation of piston to funnel a 

water jacket (see text) clockwork attacked 

is graduated m 200 divisions over a length of 30 cm , the zero-point 
Ivin" outside the water-jacket at about 5 mm from the toil of funnel e 
The°mternal diameter being about 1 mm , the capacity of the dry 
burette is about 240 c mm When moistened tins is reduced to about 
coo c mm Notwithstanding the relatively large size of the gas bubbles 
to be analysed the funnel e may be small {inside dimensions 5x17 mm ), 
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advantage both by the ease with which complete absorption was reached 
and by the decrease of viscosity of the reagent Heating to 25 c ’-30° C 
was readily accomplished by a 2-V battery and a piece of wire of 50 cm 
length having a resistance of 14 Q which was mounted lengthwise on 



FlO 4 — Glaaa tube fixed with rubber strap in the funnel of the capillary 



Fia 6 — Sampling tube and clamp 


the inside of a piece of rubber tubing fitting on the absorption tube 
(fig 3,/) 

Transfer of the Gas Sample — To avoid the disappearance of gas by 
diffusion to the G S mixture in the funnel when a sample is introduced 
in the burette, a small glass tube has been employed (fig 4, a , fig 5, b) 
This tube (length 3 om , inside diam 0 8 mm , outside diam 3 mm ) 
has been ground off at the tip for about 5 mm to accommodate a short 
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means of a rubber strap without any need of a supplementary support 
(c/ fig 4) The tip of the capillary part of the absorption vessel 
(fig 3, a) has been ground to accommodate a short piece of rubber 
tubing The elastio strap presses this down into the funnel and in this 
simple way a gas- and water-tight joint is obtained The bore of the 
capillary part has to approach 0 35 mm , a wider bore unduly increasing 
the dead space and a finer one causing the ready formation of small 
drops of reagent which may contaminate the burette The transition 
from the capillary to the wide part of the absorption vessel is to be 
made as abrupt as possible in order to break any drops which may 
have been formed For the same reason a small space has to be left 
between the end of the capillary and the upper glass head of the senea 
which fills up part of the tube to enlarge the absorbing surface 

Trouble-free absorption can only be ensured when clean pipettes are 
used Therefore it has been our custom to clean the tubes and to 
oharge them freshly with reagents after every fifteen analyses Thb 
may readily be done by connecting the tube to a filter-pump, rinsing 
it with water and afterwards drying it with a small quantity of alcohol, 
which, however, has to be thoroughly removed 

Reagents — In order to reduce as much as possible the error due to 
the solubility of gases, Sohmit-Jensen replaced the aoidulated water 
with whioh Krogh originally filled his apparatus by a mixture of equal 
parts of glycerol and saturated NaCl solution acidulated with sulphunc 
acid The viscosity of this fluid, however, is rather high, especially 
on a cold day As this causes a nse of the accidental error, it has been 
our custom to change over to a glyeerme-salt (G S ) mixture of 15 vol 
per cent , when the room temperature dropped to about 170° C The 
mean viscosity (relative to water of 17 4° C ) of the 45 per cent mixture 
between 12° and 17° C about equals that of the 50 per cent mixture 
from 17° to 22° 

Initially a 10 per cent KOH solution was employed for the absorp 
tion of the C0 2 Although the solubility of 0 2 and N s is known to be 
small, the repeated contact of the gas bubble with the relatively large 
quantity of diluted solution causes an error which cannot be neglected, 
especially when the 0 2 and N 2 content of the sample differs markedl} 
from that of the atmospheric air with which the KOH is in equilibrium 
Therefore later on a more concentrated KOH solution (33 per cent ) 
has been used, but even then the error was not completely abolished 
as will be shown later on The use of more concentrated lye solutions 
proved to be impracticable on account of their high viscosity 

The oxygen was absorbed by pyrogalho acid (10 g pyrogalho acid 
m 100 g KOH solution of sp gr 1 52), kept from contact with tho 
air by a layer of fluid paraffin Heating of the reagent was found to 
be necessary when the room temperaturo dropped to about 15° C , but 
also above this temperature the heating turned out to bo of great 



A Gas-Analysis Apparatus for 200 o mm Samples 187 

capillary part and to break at its mouth., thereby contaminating the 
graduated tube This may often be prevented by a timely return of 
the gas to the absorption pipette, the drops break at the other end 
and a second trial may prove to be more successful Cleaning of the 
vessel, however, is indicated 

After disconnecting the potash pipette the second reading is takeu, 
with the apparatus again in the horizontal position The pyrogallate 
pipette is now fixed and the bubble moved to and fro during two 
minutes, which time commonly suffices for complete absorption On 
reintroducing the gas for the final measurement a small column of 
reagent will follow the bubble As the opaque fluid obscures the curva- 
ture of the meniscus it has to be removed After disconnexion of the 
absorption vessel this is accomplished by filling the funnel with aoidu- 
lated water or G S mix ture and turning the apparatus upside-down 
The heavy pyrogallate is then seen to drop bodily through the sur- 
rounding fluid The meniscus being cleared, the apparatus is brought 
back to the horizontal position and the third and final pair of readings 
are made The funnel and the upper part of the graduated tube are 
thoroughly washed with acidulated water, the residual gas and part of 
the G S mixture are expelled by pressing the plunger hard down and 
by emptying the funnel, after which the expelled fluid is replaced by a 
quantity of fresh G S mixture 

Notwithstanding all precautions the burette gradually gets dirty and 
therefore has to be cleaned after every ten to fifteen analyses This 
may readily be performed by removing the plunger-housing and rinsing 
the whole with bichromate of potash and with water It has been our 
custom to dean and freshly to charge the absorption vessels at the same 
time A complete analysis of both C0 3 and 0 3 may be conducted m 
ten minutes 

Corrections — (a) Changes m temperature and barometric pressure 
are corrected by means of the readings of the thermo-barometer 

(6) As a gas bubble in a capillary tube has spherical ends, its measured 
length has to be corrected for the curvature of the menisci The mternal 
diameter of the burette being 1 mm , the readings have to be reduced 
by 0 3 mm [Schmit-Jensen] 

(c) On account of its high solubility an appreciable amount 'of C0 3 
is lost to the layer of G S mixture adhering to the inner wall of the 
burette before the first reading is made The resulting systematic error 
is not exactly proportional to the concentration of C0 3 present 

If a volume of gas (V) containing z per cent CO s is mtroduced mto 
the burette, a constant fraotion, say a, of the amount of C0 3 is lost to 

the film of G S mixture As — V dissolves, the first readme is 

v(i 

\ 100 / 
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piece of rubber tubing (fig 5 c \ -d_ _ „ , 

funnel by means of a mKv.J \ y pressing this tube down into the 
jacket of the apparatus a 3 ^ 4 ’ ^ fasten ed to the water 

By a Biortpeoe of ™ r‘' gM 00mKIM ' “ 

to the sample vessel a which v lng , ^ j ca P L ^ ar y (% 5, 6) 13 joined 
The filling of the sample vessel' maVtttf ‘‘t* 30 ] 11 by a ohmp {d} 
enough gas i S available or bv firsTfn ^ ^ when 

capillary with mercurv Lid +/ & t the sam P le vessel and the 

the gas to be analysed a ^ em P t y m S both through tube e while 
connecting the cap£S To fi?T S * tbx ° Ugb tbe Before 

both capiUarvVS j the buiette * the manner shown in fig 4, 

teT 2.® fr °“ * ™ 

prevent email am bubbles gettmg enttp/ed ’ b ° ““ 

obtaining uniform MHiil! UtC fvf ean4meSS ° f tbe a PP aratus is essential for 

vessels are kept filled with &nd the absor P tlon 

use With a new 0 i t ? ssium-biohromate solution when not in 

of cleanliness suffice f f° 1 some t ime s takes weeks to attain a degree 

reassembled and filled with r Q 11 filtor -P um P the apparatus is 
pipettes is charged with KOffsob “ Ur ° , 0no of tho absorption 
acid from a stock solnt.on + j solution, and another with pyrognlho 
of the sample the G S f OV f mero ^ Before the mtroduction 

Both Zfc of the . T° d t0 1015 ^ fennel of tho apparatM 
nptotho otop^a oS 1 ” ir‘ b< “” g ““ «» G S nrn.ute 

of the rubber strap After r ^ ^ T 5x6(1 to the burette by means 
of the gas bubble mca,^ , ° Val ° f tbe olam P lower meniscus 
by band When the mpn” 8 7 m °ved downwards by turning the piston 
the capillary tube the oln p SCU8 | 18 aboufc 2 mm beneath the mouth of 
and a P g a ; “ C °^ 6d to tbe a PP a ™ ta8 
quantity of gas has been iZdLjtlTtS^ t V 8uffio, f 

capillary tube is disconnected The ann f ' and tben the 

zontal position, and by careful mnLf ap P aratus 13 turned in a bon 
is brought to zero The first Radius ° f f 8t ° n tb ° mem30U3 
the thermo-barometer The apparatus b f ° tb ° f 7 tb ° burette and 

position, the upper meniscus is raised to th e S bottomlft}^? ^To 
that the mouth of the potash pipette whwli tbe ^ unrie 80 

reach tho anrfnce of tbebubjte * U "" P '“ ed ™ *»P-‘ “V 
reagent by the G S .» the fennel m neghgrblf The trZfer 52 ™ 
is executed very slowly at first so as to leave but a very thin film of 
flmd in the capillary part of the absorption vessel The bubble is 
moved six times to and fro between potash pipette and graduated 
capillary, the final return being accomplished b> tho clockwork 
mechanism When the absorption tube is getting dirty by frequent 
use, small drops of reagent may bo seen to form themselves m tho 



A Gas-Analysis Apparatus for 200 c mm Samples 189 

in introducing the gas into the burette, contact of the bubble with a 
arge quantity of fluid is avoided 

The value of a has to be determined for each apparatus by analysing 
ras mixtures of known CO a content These mixtures have been pre- 
pared by weig hin g the meroury running from a vessel m which it was 
[replaced by the calculated quantities of C0 2 or air On attending to 
the proper precautions, the resulting mixture may be aocurate to 
0 05 per cent By subtracting the apparent percentage of C0 2 , as 
found by analysis, from the true one resulting from the weighing, the 
systematic error is determined On application of this value to the 

formula given above (syst error =az^l _ yoo) P er c6n ^ ) value of 

a may be calculated An example of the determination of the system- 



atic error and the factor a is presented in Table I, while m fig 6 the 
systematic error has been plotted against the concentration of CO a in 
the gas mixture The correction to be applied to the apparent C0 2 
concentration may be read from this diagram 

Moreover, the solubility of the C0 2 not only causes a systematic 
error in the determination of the C0 2) but also of the oxygen present 
in the gas sample, as the initial reading gives not the real volume V 

but v (l-— ) Therefore V has to be added to the apparent 

volume of the gas bubble m order to calculate the real content of these 
gases At a C0 2 content of about 6 per cent commonly met with m 
biological experiments, this correction, when a = 0 02, amounts to 0 02 
of 5 per cent , te to 0 1 per cent of the initial volume This means 
that with a bubble of 30 cm length a correction has to be applied of 
0 3 mm , being of the same size but of opposite sign as the meniscus 
correction 

(d) The solubility of 0 5 and N 3 being muoh smaller than that of 
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The amount; of C0 3 absorbed by the KOH between the first and 

the second reading amounts to (1 ~a)V 

100 z(l-a) 

Thus the apparent C0 2 content of the gas sample is — 100 per 


cent 


100 -02 


The systematic error, t e the difference between the true and the 

apparent CO a content, amounts to — — — — — per cent 

100 - az 


Table I 


True 

composition 
Percent CO a 

Apparent composition 

Per cent CO, 

Analytical results 

Systematic error 
Mean Per cent o 

7 73 

7 67 7 01 7 50 7 09 7 52 

7 65 7 63 7 02 7 03 7 02 

7 5 9 011 0 020 

8 34 

8 11 8 21 8 17 8 13 8 19 

8 22 8 20 8 16 8 25 

8 19 0-16 0-020 

10 24 

15 08 15 97 15 88 15 02 

15 97 16 98 15 94 15 87 

15 97 

16 03 0 31 0 023 

28 80 

28 46 28 38 28 45 28 44 

28 38 

28 42 0 44 0 021 

45 03 

44 45 44 30 44 42 44 43 

44 50 44 51 44 50 44 42 

41 40 0 57 0 023 

Mean 0 021 


As az is always negligibly email with regard to 100, this may further 
be simplified to az(^ 1 - per cent Obviously the systematic error 

wdl become zero both for 2 = 0 and for z= 100 

The value of a, * e of the faotor determining the size of the systematic 
error at a given concentration of C0 2 , depends on 

(1) The solubility of carbon dioxide in the G S mixture 

(2) The amount of liquid adhering to the inner wall of the burette 
This may be kept constant by introducing the bubble at exaotly the 
same speed throughout, and by control of the temperature at which 
the analyses are performed 

(3) The personal factor The need for uniform conduction of the 
micro-gas analytical procedure has been stressed by Fr Meyer [1935J 
In the present method the personal faotor is of minor importance, as 
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(e) The sources of systematic error to be encountered in the micro- 
analysis of gases may be met with by applying the proper corrections 
Against an accidental error, howevei, the results can be safeguarded 
only by simplicity of technique, scrupulous cleanliness, and by uni- 
formity of the manipulations The analytical results reproduced in 
Table I give an impression of the size of the accidental error attained 
with the technique described in this paper A deviation from the mean 
value exceeding 0 1 per cent has been seldom met with, the standard 
deviation commonly amounts to 0 05-0 08 volume per cent of the total 
gas present 

Sampling of the Alveolar Air in Rabbits — One of the main uses 
made of the present technique consisted m the serial analysis of the 
alveolar air of the rabbit Krogh and Krogh. [1910] introduced the 
method of drawing samples of alveolar air from the neighbourhood of 
the bifurcation at the end of an expiration The principle of their 
method has been adopted though the details of the technique have 
been greatly modified In the present method the glass capillary of 
the sampling tube (fig 6, 6) has been replaced by a long, narrow tube 
ending at the height of the bifurcation of the ammal Tube e was 
connected to a suction apparatus consisting of two bottles, one filled 
with water about 1 m above the other Air from the neighbourhood 
of the bifurcation was sucked away at a constant rate of 200 to 260 
c o /nun controllable by a differential manometer type of flow meter 
At the end of an expiration both ends of the sample tube were closed 
simultaneously by the clamp d As the volume of the tubing up to 
the sample vessel amounted to approximately 0 03 c c , this space is 
swept at the given velooity of the gas stream within a fraction of a 
second Thus the composition of the gas entrapped in the sample tube 
may be taken to equal that of the alveolar air After replacing the 
long, narrow tube by the glass oapillary b the gas sample was transferred 
to the analysis apparatus m the manner described above 


Suhmasy 

A volumetric apparatus is described for the analysis of 200 c mm 
°f gas Simple construction, easy cleaning and handling, and great 
rehabihty are the points stressed The various corrections to be applied 
m analysis of this ki nd are fully discussed 

The apparatus handles directly samples containing from zero to 
100 per cent absorbable gases The standard deviation amounts to 
0 05-0 08 vol per cent A complete analysis of C0 3 and O, requires 
about 10 nun 

A method is described for drawing alveolar samples in rabbits 
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C0 2 , the amount of these gases dissolving m the liquid layer adhering 
to the inner wall of the burette is negligible under any circumstance* 
An appreciable amount may, however, be acquired from or lost to the 
potash solution, as during the absorption the gas bubble is m contact 
with a relatively large quantity of fluid m equilibrium with the atmos 
phene air This error has been reduced by employing a 33 per cent 
potash solution, but may only be fully obviated if the tension of the 
oxygen and nitrogen in the solution can he brought to the same lei el 
as that in the gas This, however, is impracticable when, as in our 
experiments, gas mixtures of very divergent composition are to be 
analysed 

Obviously both the second and the third reading of the analysis 



are affeoted by the error From a gas mixture with a high oxygen 
content 0 8 is being taken up by the potash while at the same tune 
N 3 13 given off As the solubility of oxygen, however, is about twee 
as great as that of nitrogen, a quantity of gas is disappearing even when 
no C0 2 is present m the sample Moreover, the oxygen content as 
measured by the absorption with pyrogallate solution will be too Ion 
both on account of the loss of 0 3 to the potash and by the simultaneous 
increase of N» in the bubble On the other hand, when mixtures of 
low oxygen content are being analysed, the size of the bubble increases 
by the washing over the potash and the 0 2 content is found too high 
In between at the atmospheno oxygen tension the systematic error ia 
zero Therefore with gas of an oxygen content below 21 per cent a 
correction for the solubility of 0 2 and N s must be added to the apparent 
CO- percentage and subtracted from the apparent O- percentage, while 
the'reverse has to be done when the oxygen content rises above 21 per 
fc The diagram reproduced in fig 7 has been composed from the 
results of the analysis of gases of known oxygen content 
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Introduction 

About half a century ago various investigators, studying the existence 
of vasomotor influences on the lung blood-vessels, have mentioned a 
rise of pulmonary arterial pressure to occur m asphyxia, and have 
asoribed this effect to an increased resistance of the vascular bed of the 
lungs [reviewed by Tigerstedt, 1003 ] Emptying of the arterioles and 
capillaries of the lung during mtrogen respiration has been observed 
microscopally by Wearn et al [ 1926 , 1934 ] These authors, however, 
regard this effect to be due to a general circulatory insufficiency, as a 
similar behaviour of the vessels was noted when death resulted from a 
fading circulation from any cause More recently a rise m pulmonary 
arterial pressure on breathing gases of low oxygen content has been 
described by von Euler and Liljestrand [ 1946 ] m cats, and by Motley, 
Cournand, Werko, Himmelstein, and Dresdale [ 1947 ] m man In the 
opimon of the first-named authors, “the experiments seem to warrant 
the conclusion, that the regulation of the pulmonary blood-flow is 
mainly mediated by a local action of the blood and alveolar gases, 
leading to an adequate distribution of the blood through various parts 
of the lungs, aocordmg to the efficiency of aeration ” 

Although von Euler and Liljestrand by extirpation of the stellate 
ganglia, section of both vagi, and by artificial respiration have produced 
evidence that the rise of the pulmonary pressure is not due to nervous 
or mechanical factors, their statement cannot be accepted without a 
critical evaluation of other possibilities The breathing of gas of a low 
oxygen content by both lungs is bound to prpduce not only local anoxia, 
but gefieral anoxaemia Therefore effects originating outside the 
lungs e g changes in ventdation and circulation (heart, systemic 
blood-pressure, distribution of the blood), humoral (moreased secretion 
of adrenaline) and nervous factors (stimulation of vasomotor centres) — 
must be taken mto consideration 

These disturbing influences are fully excluded in experiments on the 
isolated heart-lung preparation Experiments of this kind have been 
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metal capillary tubes The amount of gas delivered by each capillary 
at a given pressure (1—8 atm ) was determined m advance The various 
gases were made to flow together at a calculated rate to obtain the 
required mixtures The accuracy of this simple method proved to be 
sufficient for our purpose, as the composition of the mixtures kept 
constant within 1 per cent even in prolonged experiments m which 
the pressure in the storage flasks dropped from 150 to 10 atm 

The composition of the alveolar air of the rabbits has been 
determined by a technique which is described elsewhere [Dirken and 
Heemstra, 1948] As sometimes fifty and more analyses had to 
be performed in succession, a simple and rehable mioro-gas-analysis 
apparatus has been developed based on the method of Krogh [1908] and 
of Schmit- Jensen [1920] 

“Saturation Method ” — If one lung breathes a gas mixture of high 
and the other one a gas of low oxygen content, the oxygen saturation 
of the arterial blood of the systemic circulation will depend on the ratio 
of mixing of the blood from both lungs (In the present paper the 
terms “oxygen lung” and “nitrogen lung” will be used, indicating that 
the first one is being ventilated with gas of a higher oxygen content 
than the latter ) The method seems to have been first adopted by 
Hess [1912], and its applicability is later discussed both by Moore and 
Cochran [1933] and by Jacobmus and Bruce [1940] 

If in the course of an experiment the blood-flow through one of the 
lungs changes with respect to that of the other, thereby oausmg a 
change m mixing-ratio, the result will be a decrease or an increase of 
the saturation of the mixed arterial blood In the present senes of 
expenments atmosphenc air or gas of higher oxygen content has been 
administered continuously to the oxygen lung During an initial period 
the nitrogen lung was ventilated by an identical mixture, but was then 
switched over to a gas containing but httle oxygen Durmg the whole 
of the expenmental penod the oxygen saturation of the blood has been 
determined repeatedly The saturation has been measured by means 
of the photo-electric colorimeter constructed by Brinkman and Wild- 
schut [1938], which requires no more than 0 2-0 3 c c blood For 
obtaimng the blood sample the exposed carotid artery was compressed 
simultaneously in two places by the clamp depicted in fig 1 and the 
vessel punctured m between On ope nin g the clamp 0 35 c c blood 
was withdrawn from the artery durmg normal blood-flow After 
clamping the vessel and withdrawal of the needle, the puncture m the 
i ascular wall was closed sideways by a serre-fine (fig 2) In this 
manner a fairly good blood-flow was maintained in the artery during 
the interval between punctures, and the same puncture could be used 
repeatedly In order to prevent desiccation of the vascular wall and 
the formation of an intra-arterial thrombus, the carotid artery was 
carefully covered up each tune by closmg the wound 
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reported by Fulmer and Starling [19i3], Lohr [1924], Drinker, Churchill, 
and Ferry [1926], but no reaction of the lung-vessels on ventilating 
the lungs with nitrogen has been observed This negative evidence, 
however, is not to be regarded as conclusive on account of the abnormal 
conditions reigmng m perfusion experiments — a pomt which has also 
been stressed by Wiggers [1921] and Hamilton [1944] 

In the study of the local effect of hypoxia on the lung circulation 
m the intact animal, general anoxaemia is one of the principal sources 
of error to be prevented There appears to be only one solution to tins 
problem, i e to confine the hypoxia to one part of the lungs, and to 
administer oxygen to the remaining part m sufficient concentration 
either to reduce or fully prevent general anoxssmia If changes in the 
oxygen saturation of the arterial blood are produced by relatively low 
oxygen content gas mixtures for the purpose of indicating a relative 
shift in blood-flow through the hypoxic and the other part of the lungs, 
then it is inevitable that some general anoxaemia will be present When, 
however, the relative shift in blood-flow is determined by measuring 
changes m the oxygen tension of the arterial blood, the use of higher 
gas mixtures becomes feasible and general anoxaemia may be com 
pletely eliminated 

In the experiments related in the present paper both methods have 
been used The results of the “saturation method,” m which it was 
impossible fully to prevent anoxaemia, have been supplemented by those 
of the “tension method,” which is free from this source of error but 
which requires the development of a polarographic method for measuring 
the oxygen tension m small samples of arterial blood 


Methods 

The experiments have been performed on rabbits mostly under 
urethane ancesthesia (1-1 5 g /kg subcut ), but sometimes pernocton 
has been, used (40 mg /kg mtraven ) During the prolonged experi- 
ments the anaesthesia had to be supplemented either by subcutaneous 
and intramuscular injections or by mtrapentoneal infusion 

Various methods have been described m the literature for the separato 
ventilation of sections of the lungs [Heemstra, 194S] Of these the 
trachea divider of Dirken and van Dishoeck [1937] has been chosen to 
effect separate ventilation of the right and the left lung of the rabbit 
without danger from obstruction of the narrow air-passages 

In the present experiments the lungs were breathing gas mixtures 
of known and constant composition during periods lasting up to 24 
hours ami more These mixtures have been prepared at the rate of about 
1 8 litre per minute by allowing the component gases to escape from 
, stora cre flasks at a constant pressure through a constant resistance 
Commercial reducing valves were used provided with narrow glass or 
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affords a valuable complement to the saturation method, the more so as 
general hypoxremia is fully prevented, and therefore any resulting 
phenomena are not to he asonhed to this cause 

For this purpose the polarographic method [Heyrovski, 1941, 
Kolthoff and Lingane, 1946] has been extended to the determination 
of the oxygen tension of the blood The difficulty encountered in 
working on blood springs from the presence of dissooiable oxygen in 
the form of oxyhsemoglobin, which prevents the diffusion current from 
mcreasmg proportionally to the oxygen tension as is the case m plasma 
At a given oxygen tension the diffusion current m blood surpasses that 
m plasma for the same reason To avoid this difficulty the blood 
corpuscles were eliminated by centrifuging the blood samples, and the 
oxygen tension of the haemoglobin-free plasma was measured This 
procedure has also been adopted by Berggren [1942] In doing so, 
special care must be taken not to disturb the equilibrium between the 
dissolved oxygen and that combined to the haemoglobin, as the amount 
of the former determines the tension of the oxygen As this equilibrium 
is known to be sensitive to changes m temperature, it is obvious to 
take precautions for keeping the sample at body temperature However, 
a new source of error is then introduced, as at this temperature the 
oxygen consumption of the blood and the plasma is not negligible 
This induced Berggren to restrict his experiments to those oxygen 
tensions which guarantee full saturation of the haemoglobin at any tem- 
perature This precaution allows him to centrifuge, eto , at 0° C without 
disturbing the equilibrium of the oxygen in the blood and in this way 
to exclude any effect of oxygen consumption Berggren assumes an 
oxygen tension of 150 mm Hg to be sufficient to ensure full saturation 
The shape of the dissociation ourve at the higher levels is not very well 
known, but the results of Brinkman and Dirken [1940] inchoate that 
even at 200 mm Hg there might still exist an appreciable degree of 
subsaturation Moreover, the procedure adopted by Berggren elimi- 
nates the measurement of oxygen tensions under 150 mm Hg, which 
in the present experiments would have greatly restricted the applica- 
bility of the polarographic method 

For these reasons the attempt was made to maintain the equilibrium 
between dissolved and combined oxygen by keeping the blood sample 
at body temperature and reducmg the time interval between the 
sampling and the photographic registration as muoh as possible A 
strict time schedule was kept m order to improve the constancy of the 
error introduced by the oxygen consumption of the blood and the 
plasma As exactly the same procedure was followed m the construction 
of the cahbration curves by which the excursions of the galvanometer 
were to be converted in mm oxygen tension, the error was still further 
reduced The said cahbration curves were obtained by polarographic 
measurement of samples of rabbit’s blood equilibrated tonometncally 
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puncture in the wall of tho artery 
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. 6““’ Dreaming 65 per cent oxygen, 

the resuitmg oxygen tension of the carotid blood may be found to attain 
something like 375 mm Hg Administering a mixture conta.n.ng 
17 per cent oxygen to one lung may result in a fall of the mixed arterial 
blood oxygen tension to about 120 mm Hg Any decrease m the 
circulation of the mtrogen lung as compared with that of tho * ‘ oxygen 
lung” will result in a rise of the oxygen tension of the mixed arterial 
blood from 120 mm Hg to considerably higher values This example 
may suffice to demonstrate the tension method to be particularly adapted 
for studying the effect of shght grades of hypoxia Thus this method 
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diameter of the capillary tube is 1 mm , its length 65 cm , and the 
rubber connexions have been reduced to a minimum The tip of the 
glass capillary is drawn out to obtain a drop-time of the mercury 
electrode of approximately 6 seconds During the whole of the experi- 
mental period, which may last 24 hours or more, the flow of mercury 
was not interrupted, but on account of the relatively large size of the 
bulb the fall of the mercury level nevertheless amounted to no more 
than 2 mm By the repeated contact with plasma a deposit is formed 
on the fine, tip of the meroury electrode, causing the drop-time to become 
irregular This may be prevented by keeping the tip under water 
between measurements and by submerging it at regular intervals in 
concentrated mtno aoid without, however, interrupting the flow of the 
mercury After thoroughly rinsing with water the effeot of the oure 
may be controlled by measuring the drop-time 

The dropping mercury electrode is maintained at a constant potential 
of - 0 7 Y, a N-calomel electrode serving as an anode At this potential 
the strength of the current is proportional to the oxygen tension of the 
plasma The excursions of a micro-mol galvanometer with a period 
of 0 2 sec and sensitivity regulated by an Ayrton shunt were photo- 
graphically recorded together with a time signal of 0 1 sec The records 
show the variation of the current during each drop-cycle The strength 
of the ourrent is read at exactly five seconds from the abrupt decrease 
in current indicating the fall of the former drop Thus variations in 
drop-time are cancelled out, and even shght irregularities in growth of 
the mercury-drop affecting the reliability of the readings are easdy 
detected The oxygen tension of the sample may be read from a cali- 
bration curve obtained in the same way with known oxygen tensions 
In withdrawing blood from the carotid artery the same procedure 
was followed as described above for the saturation method The dead 
space of the syringe was filled with 0 00 c o of a saturated solution of 
sodium oxalate m equilibrium with atmospheric air Bor mixing the 
blood with the oxalate a small metal ball was enclosed, flattened m 
places m order to prevent any obstruction in emptying the syringe, 
which may cause haemolysis of the blood by forcing it under pressure 
through the narrow slits left between the surface of the ball and the 
conical outlet of the syringe 

The blood is transferred to a small thick-walled centrifuge tube 
contained m a case of palm-wood (fig 3, /) The tip of the needle is 
placed on the bottom of the vessel and the syringe quickly emptied in 
order to minimise the effect of contact with air By this simple ex- 
pedient the filling of the tubes over mercury as advocated by Berggren 
is made quite superfluous When the tube has been filled the cap is 
serened on top preventing any further contact between air and blood 
The tube m its case is then placed m a Zermcke centrifuge capable of 
doing 20,000 revolutions per minute 
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at 38° C at given oxygen tensions (Brinkman and Dirken, 1940] 
Moreover, absolute values were not required in the present experiments, 
as information on changes in blood-flow of both lungs may be denied 



Fin 3 — Polarograph and electno circuit (a) Mercury bulb (6) dropping 
electrode and sampling tube (e) water bath and heating circuit (d) calomel 
electrode (s) galvanometer and Ayrton shunt (/) sampling tubo in caso of 
palm wood V =\oltmoter 

from comparison of the oxygen tension of the various blood samples 
Therefore it sufficed to subject them to exactly the same treatment and 
to minimise the accidental error 

The polarograph is represented schematically m fig 3 The internal 
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rise of the oxygen tension of the blood from the carotid artery above 
the original value when, after starting with one lung on atmospheric 


Table I 



Insp air 
O, per cent 


L 99 R 09 

L 0 22 R 99 
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0 , 

HbO, per cent 

per cent 
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99 8 

3 14 

2 34 

90 0 

3 00 


87 5 

2 9S 

2 46 

89 9 

3 20 

2 08 

91 8 

2 82 

2 21 

94 3 

2 73 

1 92 

95 0 

2 84 


96 4 

2 60 

2 00 

99 0 

2 47 

2 08 

09 0 



Insp air 
O, per cent 
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L ” 4 65 R "99 


Alveolar air (L ) 

Art sat 
HbO, per cent 

CO, 

per cent 

0 , 

per cent 

4 24 

4 60 

100 8 

94 6 

4 09 

4 62 

94 0 

3 56 

3 94 

04 1 

3 10 

4 36 

90 2 

3 14 

5 12 

97 1 

3 05 

4 75 

98 2 

3 53 

4 26 

99 2 

3 48 

4 26 

100'0 

3 43 

4 64 

100 4 


air and the other on oxygen, the air was replaced by a gas mixture 
containing less oxygen 

The results of these experiments clearly show that the oxygen 
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In controlling the temperature of the blood sample stress mtu>t be 
laid on its temperature being 38° 0 dunng the period of the separation 
of the blood corpuscles from the plasma, i e during the centrifugation. 
Although cooling of the sample during the arterial puncture was reduced 
by the use of a syringe provided with a hot-water jacket, the centrifuge 
and the wooden case had to be pre-warmed to 42° C In that case, 
as was shown in trial experiments by means of thermocouples, the 
temperature of the sample rapidly regains almost 38° C and after that 
only rises slowly (0 2° G per 30 sec ) By adhering to a strict timo 
schedule the centrifugation was always accomplished dunng this period 
Thirty seconds suffice to separate the plasma from the blood cor 
puscles, and in about one minute the centrifuge is brought to a stand 
still The glass tube is now transferred from its wooden case to the 
small water-bath under the mercury electrode The capillary is dipped 
into the wider part of the tube and obstructs for the greater part tho 
narrow neck, thereby minimi sing the danger of contamination of the 
contents with air The ceramic point of the calomel electrode is brought 
into contact with the surface of the plasma The whole procedure 
from sampling to recording is completed within 5 minutes, each step 
being controlled by chronometer With these precautions the accidental 
error of the method proved to be 3 mm Hg [Heemstra, 1948] 


Results 

At the onset of the administration of nitrogen to one of the lungs 
of a rabbit, a sudden drop of the oxygen saturation of the blood taken 
from the carotid artery is observed If, then, the composition of the 
inspired gases, e g nitrogen to the left and oxygen to the right lung, 15 
kept constant, this fall is found to disappear spontaneously in the course 
of some hours At the end the saturation usually attains a level quite 
near to that of the begin nin g of the experiment, when both lungs were 
breathing oxygen (Table I) 

A less severe degree of hypoxia m one lung, such as that produced 
by the administration of 4 65 per cent oxygen, also starts the same 
compensating reaotion (Table II) 

In these latter experiments, which only involve a slight subsaturatiou 
of the blood, the limit of the accuracy of the saturation method is 
approached Comparable results of the inhalation of 5 per cent oxygen 
by one lung have also been observed by means of the tension method 
(Table III) 

Even the administration of gas mixtures containing 15 per cent or 
more oxygen, causing only a very sbghfc fall of the alveolar oxygen 
content, is still found to produce a pronounced effect (Table IV) 

Often the paradoxical phenomenon has been observed of an ultimate 
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successively to gas mixtures of different composition Table V and 
fig 4 show the results of one of these experiments 

The oxygen tension of the arterial blood is seen to recover slowly 
from a drop of the alveolar oxygen tension to 9 17 per cent When 
this is again lowered to 7 59 per cent , the initial fall in arterial oxygen 

Table V 
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tension is followed by a renewed increase Therefore a relation must 
exist between the strength of the effect and the extent of the deviation 
from the normal alveolar tension 

In every one of these experiments the oxygen lung was breathing 
a gas mixture rich m oxygen The question therefore arises whether 
this ventdation of the oxygen lung with an abnormal gas may not have 
caused the observed gradual increase of the saturation and oxygen 
tension of the arterial blood This has been tested m a series of expen- 
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content of the mixed arterial blood spontaneously recovers m the course 
of some hours from any fall caused by a lowering of the alveolar oxygen 
tension in one lung We have tried to establish a relation between the 


Table HI 



Table IV 



size of the fall m alveolar oxygen tension and the rate or tbo magnitude 
of the recovery process The individual differences, hovvovor, proved 
to be rather great Therefore a couple of experiments have been 
rformed in winch one lung of the same animal has been exposed 
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Discussion 

Tlie spontaneous recovery of the saturation and of the oxygen 
tension of the mixed arterial blood from the effect of local hypoxia in 
one lung may easdy be explained by a ohange in the blood-flow ratio 
of the lungs resulting m the larger amount of blood being directed to 
the oxygen lung Even so, the supposition of a modified diffusion or 
even of a secretion of oxygen cannot be passed without comment The 
possibility too of the special conditions in the nitrogen lung influencing 
the transport of oxygen by the blood will have to be shortly discussed 
One may suppose the diffusion of oxygen through the alveolar 
membrane in the nitrogen lung either to be decreased or increased during 
the recovery process A progressive inhibition of the diffusion process 
might improve the saturation and the tension of the arterial blood at 
very low alveolar oxygen tensions by diminishing the loss of oxygon 
from the blood But an improvement is also seen in those experiments 
in which oxygen is taken up instead of lost by tbe blood, as is shown 
by the difference between the alveolar and the inspiratory oxygen 
tension (Table IV) Moreover, an morease in saturation of the artenal 
blood up to 99 per cent (Table I) can never be explained m this way 
On the other hand, a facilitation of the diffusion of oxygen in the mtrogen 
lung will never explain the morease m oxygen content of the mixed 
arterial blood in those cases in which oxygen is lost by the blood on 
its passage through the nitrogen lung, as is shown m Table I, m which 
the alveolar oxygen tension is about 2 per cent higher than that of 
the inspiratory air An increased loss of oxygen from the blood would 
be the result From this one may conclude that the observed phenome- 
non cannot be explained by an increase or decrease of the diffusion 
process in the mtrogen lung 

The theory of an active secretion of oxygen occurring in the lungs, 
first formulated by Bohr and m 1936 m modified form still defended 
by Haldane and Priestley [1935], has never been generally accepted 
since Krogh [1910] and Barcroft [1926] investigated the problem The 
results of the present experiments too do not support the theory On 
breathing gas mixtures poor m oxygen the oxygen content of the 
alveolar air markedly exceeds that of the inspired gas (Table I), proving 
that even m these favourable circumstances oxygen is not seoreted hut 
is actually being lost by the blood On the inhalation of 4 65 per cent 
oxygen (Table II) the content of this gas m the alveolar air equals that 
of the inspired gas during the whole of the experiment Notwithstanding 
oxygen is neither lost nor taken up in the mtrogen lung, and the satura- 
tion of the artenal blood is slowly restored to its original level The ex- 
periments involving higher oxygen mixtures, e g 15 per cent , too do not 
support the secretion theory If during the experiment the composition 
of the inspired gas is maintained constant, one might expect an increasing 
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ments in winch for hours one lung was breathing atmospheric) air and 
the other pure oxygen 

Art pOi 



Fio 4 — Graph of arterial oxygen tension during unilateral inhalation 
of 14 and 11 per cent O, (Tablo V) 
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In the experiment, reproduced in Table VI, oxygen has been 
administered to the right lung for 15 hours at a stretch mtbout occur 
rence of a significant change m the arterial oxygen tension It 13 
obvious that the well-known noxious effect of prolonged jnhalatiou 
of pure oxygen is negligible under the chosen experimental conditions 
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Discussion 

The spontaneous recovery of the saturation and of the oxygen 
tension of the mixed arterial blood from the effect of local hypoxia in 
one lung may easily be explained by a change m the blood-flow ratio 
of the lungs resulting in the larger amount of blood being directed to 
the oxygen lung Even so, the supposition of a modified diffusion or 
even of a secretion of oxygen cannot be passed without comment The 
possibility too of the special conditions in the nitrogen lung influencing 
the transport of oxygen by the blood will have to be shortly discussed 
One may suppose the diffusion of oxygen through the alveolar 
membrane in the nitrogen lung either to be decreased or increased during 
the recovery process A progressive inhibition of the diffusion process 
might improve the saturation and the tension of the arterial blood at 
very low alveolar oxygen tensions by diminishing the loss of oxygen 
from the blood But an improvement is also seen in those experiments 
in which oxygen is taken up instead of lost by the blood, as is shown 
by the difference between the alveolar and the inspiratory oxygen 
tension (Table IV) Moreover, an increase in saturation of the arterial 
blood up to 99 per cent (Table I) can never be explained m this way 
On the other hand, a facilitation of the diffusion of oxygen m the nitrogen 
lung will never explain the increase in oxygen content of the mixed 
arterial blood in those cases in which oxygen is lost by the blood on 
its passage through the nitrogen lung, as is shown m Table I, in whioh 
the alveolar oxygen tension is about 2 per cent higher than that of 
the inspiratory air An increased loss of oxygen from the blood would 
be the result From this one may conclude that the observed phenome- 
non cannot he explained by an morease or decrease of the diffusion 
process in the nitrogen lung 

The theory of an active secretion of oxygen occurring m the lungs, 
first formulated by Bohr and m 1936 m modified form still defended 
by Haldane and Priestley [1936], has never been generally accepted 
since Krogh [1910] and Barcroft [1925] investigated the problem The 
results of the present experiments too do not support the theory On 
reathing gas mixtures poor in oxygen the oxygen content of the 
a veolar air markedly exceeds that of the inspired gas (Table I), provmg 
at even in these favourable circumstances oxygen is not seoreted but 
is actually being lost by the blood On the inhalation of 4 65 per cent 
oxygen (Table II) the content of this gas m the alveolar air equals that 
0 t e inspired gas during the whole of the experiment Notwithstanding, 
oxygen J3 neither lost nor taken up m the nitrogen lung, and the satura- 
ion of the arterial blood is slowly restored to its original level The ex- 
periments involving higher oxygen mixtures, eg 15 per cent , too do not 
support the secretion theory If during the experiment the composition 
0 6 ms P!red gas is maintained constant, one might expect an mcreasing 
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secretion of oxygen to lower the alveolar oxygen tension of the nitrogen 
lung liie reverse actually proves to he the case (Table IV) Thus 
the rise of the arterial saturation m unilateral breathing of 15 per cent 
oxygen cannot be ascribed to an increasing secretion of oxygen 
All the same, a decrease of the alveolar carbon dioxide tension h 
^ develop m the nitrogen lung in the course of the experiment 

(a es I, II, XV), and this factor is bound to promote the uptake of 
oxygen by shifting the dissociation curve to the left At a constant 
ventilation the low carbon dioxide tension would thus tend to lower 
the alveolar oxygen tension Its effect, however, can only be of minor 
importance, as in Tables II and IV a decreasing alveolar carbon dioxide 
percentage is accompanied by a constant or even by a rising alveolar 
oxygen tension In the experiments reproduced in Table I the blood 
is losing oxygen to the alveolar air and the alveolar oxygen tension tends 
to fall during the experiment It would appear that this drift in the 
direction of the inspiratory oxygen tension and the deorease of the 
alveolar carbon dioxide tension may have a common origin a reduction 
of the gas exchange in relation to the ventilation caused by the decrease 
in blood-flow through the nitrogen lung 

Although m some experiments the so-called oxygen lung was 
breathing atmospheric air, in others abnormal gases, e g pure oxygen, 
have been administered In both cases the saturation and the oxygen 
tension of the mixed arterial blood has been found to recover from 
unilateral hypoxia Prolonged administration of pure oxygen itself 
does not produce the effect, as has been shown by experiments in which 
pure oxygen has been given to one lung and atmospheric air to the 
other (Table VI) Thus the primary cause of the effect is not situated 
m the oxygen lung and has to be looked for m the mtrogen lung 
The obvious solution is that the subnormal alveolar oxygen tension 
produces an morease of the vascular resistance in the mtrogen lung and 
thereby directs a greater part of the circulating blood to the oxygen lung 
As a result the saturation and the oxygen tension of the mix ed arterial 
blood rises and may attain or even surpass the original level (Table IV) 
This conclusion is supported by the results of the analyses of the 
alveolar air A reduotion of the blood-flow in tbe mtrogen lung will 
cause a decrease m tbe uptake or in the loss of oxygen In consequence 
the composition of the alveolar air will tend to shift towards that of 
the inspiratory air Indeed, if the inspiratory oxygen tension exceeds 
that of the alveolar air, a rise of the alveolar oxygen tension is obsened 
(Table IV) If the tension of the inspired gas equals that of the alveolar 
air, the alveolar oxygen tension remains fairly constant (Tablo II) 
Finally, if a loss of oxygen from the blood causes the alveolar tension 
to exceed that of the inspiratory air, the alveolar oxygon tension m 
the mtrogen lung is seen slowly to decrease 

The results of the determinations of tho alveolar carbon dioxide 
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concentration again strengthen this conclusion Of three comparablo 
experiments (one of them reproduced in Table VII) in which the right 
lung breathed a mixture of 5 1 per cent oxygen and the left lung GO per 
cent oxygen, the mean alveolar carbon dioxide percentage at the begin- 
ning of the experiment amounted to 3 01 per cent (R ) and 3 71 per 
cent (L ) The difference between both lungs (0 70 per cent ) may be 
ascribed to the poor oxygenation of the blood m the nitrogen lung, 
which also impairs the elimination of the carbon dioxide After more 
than ten hours of unilateral breathing of 5 1 per cent oxygen the mean 
carbon dioxide percentages amounted to 2 84 per cent (R,) and 4 40 per 
cent (L ) The increase of the difference from 0 70 to 1 56 per cent 
also pomts to a reduction of the circulation m the nitrogen lung in com- 
parison with that of the oxygen lung Prom this may also be inferred 
that the ventilation of the nitrogen lung is not diminished to the same 
extent as its circulation 

The results of the determinations of the alveolar gases may be 
summarised in saying that all alveolar gas percentages m the nitrogen 
lung show a tendency to shift towards those of the inspiratory air 
This indicates a change in the ventdation blood-flow ratio developing 
m the nitrogen lung either by an increase in ventilation or a decrease 
m blood-flow The ventilation of the nitrogen lung, however, has never 
been found to show a gradual increase In many experiments the 
frequency and the depth of the respiratory movements of each lung 
have been repeatedly recorded spnographically for short periods of a 
couple of minutes each One of these experiments has been reproduced 
in Table VII, w which a slight decrease of the minute-volume of the 
ventilation is seen to accompany the recovery of' the saturation of the 
blood In most cases no distinct ohange was noted 

In this experiment, aB in some others, the composition of the alveolar 
gases has been measured both m the nitrogen and in the oxygen lung 
The alveolar carbon dioxide percentage of the oxygen lung is seen to 
rise as that of the mtrogen lung diminishes The difference between 
the carbon dioxide percentages m the left and in the right lung shows 
a gradual increase as the arterial saturation slowly regains its original 
level All this is m accordance with the supposed increase m blood-flow 
through the oxygen lung at the expense of that of the nitrogen lung 
The alveolar oxygen tension of the mtrogen lung is only slightly lower 
than that of the inspiratory air, which indicates that the oxygen uptake 
of this luug is negligible Therefore during the whole of the experimental 
period almost all oxygen has to be taken up m the oxygen lung inde- 
pendently from changes m the circulation ratio of both lungs For this 
reason no important changes in the alveolar oxygen tensions are to 
he expected as long as the ratio ventilation/O, consumption remains 
constant 

The phenomenon is not only characterised by its gradual deveion 

' OL XXXIV, NO 3—1048 ,, 1 
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vasoconstriction is not due to a noxious effect of the prolonged local 
hypoxia Even in normal conditions an alveolar oxygen tension of 
80 min Hg may prevail in subventilated parts of the lungs, and in that 
case a restriction of the circulation m these sections is obviously im- 
portant In this connexion special stress should be laid on the func- 
tional significance of the phenomenon No effeots of injury to the lung 


Table Vili 



tissues (e g oedema) can explain the observed facts, nor could any trace 
of morphological ohanges be detected m histological slides A distmot /, - 
paleness of the nitrogen lung was the only symptom to be observed/?/ , 
after the openmg of the thorax at the end of the experiment [ ~~ 

SmniABY l 

By means of a trachea divider the left and the right lung of the 
rabbit may be made to breathe gases of different oxygen content uf 
one lung is given a gas of low and the other one of high oxygen content, 
the saturation or the oxygen tension of the mixed arterial blood m tnte 
carotid artery depends on the mixing ratio of the blood from botnt 
lungs \ ^ 

On switching one lung over to a gas of low oxygen content, the V 
initial fall in saturation and in oxygen tension of the mixed arterial 
blood becomes spontaneously compensated to a major degree in about 
8 hours 


^ 13 ^ 4 ' 
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Evidence is produced that this reaction results from a gradual 
increase in oirculatory resistance of the hypoxic lung caused by a local 
action of the low oxygen tension This conclusion is supported by 
the results of the measurement of the alveolar gas percentages in the 
rabbit 

To exclude an indirect action on the lung circulation caused by the 
effects of general hypoxsemia the influence of only slightly subnormal 
alveolar oxygen tensions was studied Under these conditions the 
mixed arterial blood remained fully saturated To this end a polaro 
graphio method was devised for measuring the oxygen tension of the 
blood 

Even at an alveolar oxygen percentage of approximately 1- P* r 
cent , which might normally be present m subventilated parts of the 
lungs, a distinct reaction oocurs 

The increased vascular resistance may be abobshed in about 4-5 hours 
by restoring the normal alveolar oxygen tension 
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Intboduction 

In a previous paper [Dirken and Heemstra, 1948] the oxygen saturation 
of the carotid blood of a rabbit breathing nitrogen with one lung and 
oxygen with the other was shown to rise spontaneously in the course 
iof some hours to about the same level as when the annual is breathing 
pure oxygen with both lungs (Table I) This increase could only be 
ascribed to a diminishing blood-flow in the “nitrogen lung ” The almost 1 
complete recovery of the oxygen saturation might lead to the supposition 
that the circulation through the nitrogen lung became nearly completely 
obstructed A simple calculation, however, m which the dissolved 
oxygen is given its due regard, shows that this is not necessarily so 
Rabbit’s blood may combine with 13 2 vol per cent of oxygen 
(Tabula. Biol HI, 480), and as the solubility of oxygen m blood is 
0 023, the amount of dissolved oxygen will be 1 8 vol per cent at 600 
mm Hg, i e at the tension polarographically shown to exist in blood on 
administration of oxygen to both lungs The oxygen content of the 
blood leaving the oxygen lung therefore must amount to 13 2 + 1 8 = 15 
vol per cent The saturation of the blood leaving the nitrogen lung 
breathing 0 22 per cent oxygen can only be roughly estimated Owing 
to loss of oxygen from the blood the alveolar concentration rises to 2 per 
cent , but since it is probable that complete equilibrium is not attained 
between the alveolar air and the blood under the circumstances existing 
m the nitrogen lung, 40 per cent saturation is a fair estimate If the 
small amount of dissolved oxygen is neglected, 40 per cent saturation 
corresponds to an oxygen content of 5 3 vol per cent Suppose now 
the blood-flow through the left lung to be reduced to 40 per cent of its 
normal value As the left lung normally receives about-45 per cent of 
the output of the right heart, its share is now reduced to 18 per cent and 
that of the right lung has become 82 per cent Thus the oxygen content 
of the mixed arterial blood may be calculated to amount to 13 27 vol 
per cent Of this about 13 vol per cent will be combined with the 
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haemoglobin and so the saturation mil be 98 4 per cent Thus it would 
appear that the circulation through the nitrogen lung needs only to be 
reduced to about 40 per cent of its normal value to effeot an almost 
comp ete recovery of the oxygen saturation of the mixed arterial blood. 

e calculation of the circulation ratio of the lungs from data on 
ox yg en tension or saturation, alveolar gas tensions and dissociation 
ourves, can only be approximate The method was first suggested by 
ess [1912] and later developed by Jacobseus and Bruce [1940] In our 
opinion the change m arterial oxygen content gives valuable information 
on the relative shift of the circulation ratio The absolute error, how 
ever, may amount to 20 per cent [Heemstra, 1948] A much greater 
accuracy may readily be attained by spirographical methods 

The underlying principle of this method is the proportionality 
existing between the oxygen uptake and the blood-flow of the lungs, m 
long as the difference m oxygen content between the artenni and the 
venous blood and therefore the amount of oxygen taken up by one o c 
of blood remains constant Tor this reason the ratio of the oxygen 
uptake of the separate lungs may be regarded as an index of the cirou 
lation ratio if the oxygen tension in the blood leaving each lung is identi 
cal In the present experiments, however, a different alveolar oxygen 
tension had to be deliberately maintained in each lung, as the effect ofn 
low alveolar tension in one lung was the subject of the investigation 
Therefore the lungs had to be ventilated temporarily with the same g as 
mixture during the simultaneous measurement of their oxygen uptake 
On these hues a spirographic method ” has been developed and a senes 
of experiments have been conducted for the quantitative study of the 
reaction of the lung vessels to a fall of the alveolar oxygen tension 

Methods 

The apparatus for measuring the oxygen uptake of the separate 
lungs has been reproduced in fig 1 The air passages of the lungs are 
separated by a traohea divider D and each side is connected to a respira 
tion valve K The carbon dioxide of the expired air is absorbed by 
soda-lime in the container B Previous to each determination the 
system is flushed with the desired gas mixture through the small tubes 
e Changes in the volume of the closed system are recorded by a spiro 
meter S via a rubber bag Z The nght and the left lung are connected 
simultaneously to identical systems The spirometers are scaled with 
mercury [Dirken and v Dishoeck, 1937], smooth movement being 
assured by covering the mercury with a drop of dibutylphthalate One 
of the advantages of a mercury-sealed spirometer is the ease with which 
the apparatus may be controlled on leaks at any time by putting a small 
weight on the spirometer bell and thus producing m the system a positive 
pressure of 5 to 10 cm H»0 The valves used are of the membraneless 
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does not change, the excess (4 58 - 1 42 = 3 14 per cent ) must be solely 
ascribed to the different rate of oxygen uptake of the oxygen and the 
nitrogen lung, and the difference m oxygen percentage between the 
inspiratory and the alveolar air (resp 6 09 per cent and 2 95 per cent ) 
should be proportional to the rate of oxygen uptake Thus a difference 
in alveolar oxygen content of 3 14 per cent would result even when both 
lungs were breathing the same gas The additional change of the 
inspiratory air in the course of two minutes’ recording is responsible for 
the increase of the difference in alveolar oxygen content of both lungs 
to 4-5 per cent 

Table 1 

Oxygen lung msp air 17 09% 0» alv air 11 00% O* difference 6 09% 0 3 
Nitrogen lung map air 18 61% O, alv air 16 66% O, difference 2 96% O a 

In the same manner it may be shown that the alveolar carbon 
dioxide percentage in the lung with the higher gas exohange may rise 
to approximately 1 per cent above that of the other lung This faotor 
too tends to lower the amount of oxygen taken up by each o e of blood 
passing the oxygen lung 

Still another faotor will he working m the same direction The rate 
of circulation through the more active lung will he increased and so the 
time available for diffusion will be shortened Though it has been 
previously shown [Heemstra, 1948, Dirken and Heemstra, 1948] that 
the diffusion membrane itself remains unaffected by the experimental 
conditions, the faster circulation rate combined with the unfavourable 
shift of the alveolar tensions may well prevent the attainment of full 
equilibrium 

Table II — Shake of the Nitrogen Lung in per cent 
op the Total Oxygen Uptake 

Atmospheric air 62 9 51 0 42 6 42 6 32 2 27 6 27 2 

Oxygen 63 3 62 0 37 9 35 1 28 5 22 5 22 0 

These vanpus factors coming into action during the recording when 
the closed systems are filled with atmospheric air, tend to disturb the 
equality of the oxygen content of the blood leaving both lungs Owing 
to the impaired oxygenation of the blood in the lung with the better 
circulation, the change in the ratio of the oxygen uptake of the lungs 
will he smaller than the actual change in circulation ratio Unless 
special mention is made to the contrary, the results reproduced in the 
present paper have been obtained with air-filled systems, and therefore 
the actual blood-flow changes are still more extensive than those reported 
By the introduction of a correction faotor the true circulation ratio 
might be derived from the observed values of the ratio of oxygen uptake 
obtained with air-filled olose systems The true value may be deter- 
mined by filling both systems with pure oxygen, because a complete 
saturation of the blood with oxygen will then occur in both lungs 
Table U shows the different results obtained with the two procedures 
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type [Dirken and Niemeyer, 1935] By incorporating them m a stop- 
cock a turn of the handle suffices to connect a lung with 

(a) the flow of gas from a storage flask passing the valve via a, and a tl 

( b ) the atmospheric air through the tubes b x and b Zl 

(c) the gas in the closed respiratory system by c 1 and Cj 

Usually during the experiments one lung is breathing a gas of poor 

and the other one a gas of high oxygen content For measuring the 
oxygen uptake they are both connected for a couple of minutes to the 
closed systems, which have been carefully swept in advance with the 
same gas At the moment of switc hin g over, however, one lung contains 
but httle and the other much oxygen As a different composition of the 
gas in both systems would result, atmospheric air is given to both lungs 
for half a minute before connecting them to the / closed system One of 
the mam advantages of the method is the simultaneous registration of 
the oxygen uptake of the right and the left lung Errors caused by 
changes m minute-volume of the nght heart or by variations in oxygen 
content of the venous blood are cancelled in this way 

The procedure of changing the inspired gas, however, is only per 
missible if it can be assumed that the circulation ratio of the lungs is not 


affected in the two or three minutes of recording In a number of cases 
the rate of recovery from the effects of prolonged local hypoxia ffi one 
lung has been investigated A specimen of these experiments has 
already been reproduced in a former paper [Dirken and Heemstra, 191$, 
Table VTU] No change in blood-flow through the nitrogen lung has 
ever been noted within ten minutes of the return to the breathing o 
atmospheric air Considering that the total recording period takes 
three minutes at the most, an error arising Horn this source is not to be 


expected 

As the method requires strict equality of the oxygen content of the 
blood leaving the right and the left lung during the period of recording, 
still another source of error may be present, especially when the close 
systems have been filled with air instead of pure oxygen In the latter 
case the blood will undoubtedly become completely saturated in hot 
lungs As, however, m the earlier experiments the closed systems baio 
been flushed with air, the consequences of the different rate of oxygen 
uptake in both 1 ungs have to be considered If oxygen is taken up from 
one air-filled closed system at a faster rate than from the other, the 
oxygen concentrations will differ after some time At the dimensions 
of the apparatus actually used tins difference after full development oi 
the vasoconstnotion in the nitrogen lung has been found to amount to 
1-2 per cent at the end of two minutes’ recording (Table I 18 51 - 17 09 
= 1 42 per cent ) 

The difference in the alveolar oxygen content is, houeier stiu 
greater (Table I 15 56-11 00 = 4 56 per cent) than that in the m 
° iratory air (1 42 per cent ) As the ventilation ratio of both lungs 
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does not change, the excess (4 56 - 1 42 = 3 14 per cent ) must be solely 
ascribed to the different rate of oxygen uptake of the oxygen and the 
mtrogen lung, and the difference in oxygen percentage between the 
inspiratory and the alveolar air (reap 6 09 per cent and 2 96 per cent ) 
should be proportional to the rate of oxygen uptake Thus a difference 
m alveolar oxygen content of 3 14 per cent would result even when both 
lungs were breat hin g the same gas The additional change of the 
inspiratory air in the course of two minutes’ recording is responsible for 
the increase of the difference in alveolar oxygen content of both lungB 
to 4- 5 per cent 

Table 1 

Oxygen lung msp air 17 09% O a alv air 11 00% 0 3 difference 6 09% 0 3 
Nitrogen, lung map air 18 61% O s alv air 16 68% 0 3 difference 2 95% 0 3 

In the same maimer it may be shown that the alveolar carbon 
dioxide percentage in the lung with the higher gas exchange may nse 
to approximately 1 per cent above that of the other lung This factor 
too tends to lower the amount of oxygen taken up by each c c of blood 
passing the oxygen lung 

Still another factor wdl he working m the same direction The rate 
of circulation through the more active lung will be increased and so the 
time available for diffusion will be shortened Though it has been 
previously shown [Heemstra, 1948, Dixken and Heemstra, 1948] that 
the diffusion membrane itself remains unaffected by the experimental 
conditions, the faster circulation rate combined with the unfavourable 
shift of the alveolar tensions may well prevent the attainment of full 
equilibrium 

Table U — Shake op the Neesogen Lung in peb cent 
op the Total Oxygen Uptake 

Atmospheno air 02 9 51 0 42 6 42 5 32 2 27 6 27 2 

^Sen 63 3 62 0 37 9 35 1 28 6 22 5 22 0 

These various factors coming into action during the Teoordmg when 
the closed systems are filled with atmospheno air, tend to disturb the 
equality of the oxygen content of the blood leaving both lungs Owing 
to the impaired oxygenation of the blood m the lung with the better 
circulation, the change m the ratio of the oxygen uptake of the lungs 
will be smaller than the actual change m circulation ratio Unless 
special mention is made to the contrary, the results reproduced m the 
present paper have been obtained with air-filled systems, and therefore 
the actual blood-flow changes are still more extensive than those reported 
By the introduction of a correction factor the true circulation ratio 
might be derived from the observed values of the ratio of oxygen uptake 
obtained with air-filled close systems The true value may be deter- 
mined by filling both systems with pure oxygen, because a complete 
saturation of the blood with oxygen will then occur in both lungs 
Table IX shows the different results obtained with the two procedures 
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The values m each vertical column have been determined one shortly 
after the other, and therefore are representative for an identical state of 
the circulation m the lungs The difference between these values gives 
one an impression of the size of the correction faotor If, for instance, 
the share of one lung in the total oxygen uptake in breathing air amounts 
to 27 2 per cent , the blood-flow through this lung may amount to only 
22 0 per cent of the total lung circulation The correction factor 
apparently shows some variation in individual cases 


Results 

Normally the share of the right lung of the rabbit in the total oxygen 
uptake amounts to about 55 per cent , and its part in the total ventilation 
is of the same order (56 per cent ) The results spread in individual 


Tabus Ur 



Inap air 

O b per cent 

Oxygen uptake 

Tidal air 

Frequeno) 
of respiration 

Time 

1 Total 
o o /mm 

Per cent 
R 

1 Total 
o o 

Per cent 
R 

11 32 

L 21 R 21 

16 2 

64 3 

13 5 

61 9 

39 

12 06 


16 1 

50 9 

13 6 

51 9 

39 

12 32 


16 4 

52 4 

13 9 

54 7 

30 

12 34 
12 47 

L 67 R 1 79 

tt tt 

16 9 

47 9 

11 5 

53 0 

53 

13 16 

ft tt 

17 0 

47 7 

10 9 

63 2 

68 

14 17 

tt tt 

17 3 

42 8 

12 0 

52 4 

35 

16 17 

tt tt 

16 5 

41 8 

12 5 

62 8 

47 

16 17 

tt t> 

17 3 

39 9 

13 6 

62 2 

42 

17 18 


18 3 

39 9 

13 9 

54 0 

43 

17 46 


18 1 

40 3 

13 0 

52 3 

43 

18 46 


17 2 

34 9 

14 1 

50 4 

38 

19 46 


17 3 

33 0 

12 2 

52 6 

60 

21 46 

ft * * I 

16 0 

28 7 

10 4 

51 9 

54 


cases, but both the oxygen uptake and the ventilation of the right lung 
hardly ever exceed the limits of 50 and 60 per cent of the total 

An example of the use of the spirographio method in investigating 
'the effect of unilateral hypoxia is given m Table III 

The uptake of oxygen by the nitrogen lung ventilated with 1 79 per 
cent oxygen is seen to drop m the course of over nine hours from 52 
to 28 7 per cent The ventilation does not change appreciably A 
reduction m oxygen uptake of the nitrogen lung to half or even less of its 
rnnal value is quite a common occurrence But the true reduction 
°f blood flow must have been still more extensive, as in this experiment 
the closed systems had been filled with an- On applying the proper^ 
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corrections (c/ p 217) the circulation ratio will be found to be approxi- 
mately 23 per cent Although in different animals some individual 
variations have been observed, the final values obtained on prolonged 
inhalation of gas mixtures with an oxygen content under 5 per cent all 
he between approximately 21 and 27 per cent (corrected values) 

To the physiologist the reaction of the lung circulation to alveolar 
oxygen concentrations above 5 per cent must be of greater interest, as 
the lower tensions will seldom be realised in normal conditions Two 
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specimens of these experiments, in whioh the oxygen tension of the 1 
blood has also been recorded, have been reproduced m Tables IV and V 
Notwithstanding the relatively slight drop m alveolar oxygen 
content, a distinct decrease of the oxygen uptake in the nitrogen lung 
was noted in these experiments The extent of the fall, however, is 
muoh lesB than that occurring in the experiments in which the oxygen 
deficiency of the inspired gas was greater In the main a lowering of the 
alveolar oxygen content to 10 5 per cent reduces the share of the right 
lung in the total oxygen uptake from 56 to 40 per cent (corrected 35 
percent) At an alveolar concentration of 13 per cent a reduction from 
53 ner cent to about 46 TIAr Oftnt. nnw \ .1 
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(Table V) In that case the level of the alveolar oxygen tension was 
presumably no more than 2 5 per cent below normal, and the circu 
lation through the lung reduced by at least 15 per cent of the ongmal 
value If, however, atmospheric air is administered to the nght lung 
and oxygen to the left (Table VI) no gradual alteration either in oxygen 
uptake or in arterial oxygen tension is noticed 

A slight fall in alveolar oxygen tension of no more than 2 5 per cent 
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therefore suffices to produce m the long run a decrease m blood circulation 
of the lung, which may amount to 15 per cent The resulting change m 
the circulation ratio is also clearly shown by the rise of the arterial 
oxygen tension 

Disoussiox 

As the results of the present senes of experiments show that the 
reduction m the lung circulation on breathing a low oxygen mixturo may 
amount to more than half of its normal value, a corresponding chango 
m the colour of the lung was to be expected In fact, in tbo majority of 
cases one may observe a distinct paleness of the surface of the mtrogou 
1mm with regard to that of the oxygen lung by quickly opening the chest 
of the animal at the end of the expenment The difference m colour 
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may also be observed during life by opening the thorax under artificial 
ventilation of the separate lungs A picture of this is reproduced in 
fig 2 On removing the ohest wall the difference in colour is seen to 
diminish in a couple of minutes by the contact with the atmospheric 
air and even more rapidly by the intensive radiation of the strong 
light needed for photography 

Not only the difference in blood-content but also the different 
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circulation rates m each lung may be visualised m the open-thorax 
preparation After the intravenous injection of a saturated solution 
of Evans’ blue the dye is first seen to enter the oxygen lung (fig 3, 
A, B, C, If) The slower circulation rate combined with the smaller blood 
content of the nitrogen lung point once more to the conclusion that the 
circulation in this lung has decreased as compared with that in the oxygen 
lung 

The paleness of the nitrogen lung indicates a state of contraction 
either of the arterial or the capillary vascular bed The point of attack 
of the low alveolar oxygen tension therefore might be either the capillaries 
or the smaller arterioles The larger arterial vessels always contain, 
blood of low oxygen tension, and therefore probably mil be less sensitive 
to changes in the alveolar oxygen tension Most investigators do not 
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ascribe contractility to the capillaries of the lungs [Tiemann, 1935, 
Tiemann and Voigt, 1936, Kalian, Schworer and Schotzky, 1935, 
Wagner, 1936, Weam el al , 1934] According to Verloop [194b] the 
smaller branches of the lung artenes of the rabbit may greatly alter 
their calibre by contraction of the very well-developed media The 
inspection of histological slides prepared by fixation tn vuo b} ultra 
venous injection of formol [Redmgius, 1922] was not successful m 
locating the site of the vasoeonstnotion The narrowing of the vascular 
bed may also have been produced indirectly by contraction of the plain 
musoulature of the lungs [von Gehlen, 1941, von Mollendorff, 1942] 



Fio 2 — Open thorax preparation after unil ateral nitrogen respiration Pale nitrogen 
lung (right lung, left in figure) and darker (reddish pink) oxygen lung 

The possibility that the diameter of the smaller lung vessels depended 
upon the tonus of the plain musculature of the lungs cannot be neglected 
even if no ohanges m the ventilation are apparent 

A rapid rise of the blood-pressure m the pulmonary artery on breath- 
ing gas of low oxygen content has been reported by von Euler and 
Ldjestrand to ocour in animals [1946], and by Motley, Cournand, 
Werko, Hunmelstein and Dresdale [1947] m men The first named 
authors suppose the phenomenon to result from a chreot action of the 
low oxygen tension on the vessels of the lungs, and regard this as proving 
the existence of an adaptation of the circulation to the ventilation of the 
lungs A rapid reaotion of this kind, appearing within a couple of 
minutes of exposure to a low oxygen mixture, has not been observed m 
our experiments Sudden changes may have passed undetected by 
both methods previously described [Dirken and Heemstra, 1948] A 
vasoconstriction lasting some minutes after the cessation of the hypoxia, 
however ought to have been detectable by the method described in the 
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present paper Also, if the acute vasoconstriction observed by von 
Euler and Lxljestrand is a purely local phenomenon, the initial drop 
of the arterial saturation to 80 per cent and less at the beginning ot 
unilateral nitrogen breathing ought in our opinion to have been less 



Flo 3 — Penetration of E\ ana’ blue in the oxygen lung (left lung right in figure) 
and nitrogen lung after intravenous injection 


A. After 0 seo — first coloration in the top of the oxygen lung 
B 8 see — oxvgen lung slightly blue, only a trace of colour in the nitrogen lung 
C 10 sec — oxygon lung deep blue, nitrogen lung slightly blue 
D 12 sec — ox j gen lung deep blue, nitrogen lung blue 

extensive Moreover, the rise in pulmonary pressure observed by these 
authors might quite well be ascribed to the effects of anoxaemia in other 
parts of the body, os no precaution has been taken by them to prevent 
this compbcation A change m the circulation ratio of the left and right 
lung as described in the present paper cannot be caused by nervous, 
VOL xxxrv, NO 3 — lots 15 
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general kypoxemuf^the Ulfluences resuIfcm g the action of a 
stnction hZ been showif to CircuJatl0n Tbe slow vasocon 

nuxed arterial blood is fullv °, ne hlDg onJ ^ even when the 

be due to a strictly local crk urated TOfcb oxygen, and therefore must 
Both the extent of the ! occurnn g m the nitrogen lung 
m alveolar oxygen ten™ and lts sensit ^ty to slight ohanges 

logical significance of the t0 ^ tPe P roblem of tbe phyaio- 

been brought fonvard m fav^^f B ° r some tune ar g ument3 ha « 
various sections of Hia i 111 me( 3 ua bty of the ventilation of 

Sonne [1936 19401 r> n , lmgS ’ ° otabI y b y Saldane and Priestley [1935], 
Ota* „ [ f £ b — [iwej ^ 

mspeotion of histolnoi Li bed to ° ilas been observed either by 

Toyama, 1925 fCohnheim and Litton, 1875, 

microscopy of the livmv h Tro End Scbofczk 3 r . 1936], or by direct 

Voigt, 1936, Bernhardt IOSlP^T™ ^ ’ 1926, 1934, Tiemami and 

and the blood ciroulatirm’ in ^ correIatlon between the ventilation 

often been TjgesZ mtt '‘T? ^ ° f tio ta "8» 
adaptation of tins l-mri . regard to the mechanism underlying an 

aotion has been studier?™ 0 amca4 factors have been suggested and their 
perfusion [Tigerstedt 1903 e * X ^ nments mth artificial respiration and 

The decrease in wLcl; gg< f S ’ 1921 * de Burgb Dal D l930] 

from resorption atelectasis has Z ® Sultl ^ g from eollapse of the lungs and 
Torrung [1933], Dirken Kraan rT^ domomtmted by Moore [1931], 
others In these mmm,' f ^oatinga and Woudstra [1942], and 

The results of the presekTs^nT^ meohanicaI Motors are involved 

that the ventilation may also h ° Wever ’ do sug S es J 

the luncrs bv affeetmo- , mbuence fc be circulation m a portion of 

circulation may bo commoted with IPT ''T’"" 41 ™ tLe IomI 

lungs is being LbvenEd t,T “‘e 1 1 ZZ1°f f 

oxygen tension wifi tend to fall AfL, ( circulation, the alveolar 

decrease of the local blood-flow -n/fh T me , tlm<3 tlus ^ resulfc m a 

Tins state of affausTTs bee” “com b Tif ™ 11 ™“ ” S “ m 

p 20S), suggesting 1 ^ t °l le ‘'proba]^indeed]aatm 1 some^i^y^>roftier*tbo 

regulation through the blood distribution bnr°f 3 °. * e bronchioles or 
? , . , ^a^riDurion, but it is also certam that this 

adjustment is only an approximation - Indeed, the “dictation 
obviously IS unable to effect complete homogeneity of the alveola! au of 
the lungs The mhomogeneity of the alveolar am, resulting torn »n 
unequal ventilation, mil, however, tend to become less pronounced In 
tins manner the supply of oxygon to the body ,s profiting two ways 
In the first place, less blood » supplied to the subvent.loted sections end 
IS being equilibrated with the low oxygen tension of the alveolar air 
Secondly, the alveolar oxygen tension itself m partly restored and there- 
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with the oxygen saturation of the blood leaving the subventilated 
sections The results of the present experiments show that even m 
cases of extreme inhomogeneity of the alveolar air a subsaturation of the 
arterial blood may be prevented in this nay 

Summary 

In normal circumstances 55 per cent of the total blood supply to the 
lungs of the rabbit is direoted to the right and 45 per cent to the left 
lung On lowering the alveolar oxygen tension in one lung its blood 
circulation may be gradually reduced to less than half of the original 
value, while the circulation of the other lung shows a corresponding 
increase 

A drop in the alveolar oxygen percentage of 2 to 2 5 per cent m one 
lung may reduce the blood-flow by 15 per cent of the original value 

The significance of these results with reference to an adaptation of 
the circulation to the unequal ventilation of the lungs is discussed 
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AGENTS ACTING ON THE LUNG CIRCULATION By M N J 
Dikken and H Heemstka From the Physiological Institute, 
University of Groningen, Netherlands 

( Received for publication 2nd July 1948 ) 

Inteodxtction 

Ls previous papers [1948 u, 1948 6] the authors have described three 
methods for comparing the circulation in one lung of the living rabbit 
with that of the other By means of a trachea divider the animal was 
made to breathe a different gas mixture with its nght and left lung 
Under proper conditions either the oxygen saturation or the oxygen 
tension of the mixed arterial blood, or the uptake of oxygen by the 
separate lungs, may furnish valuable information on the circulation 
ratio of the lungs In addition to permitting the investigations to be 
performed on the living animal instead of on surviving organs, these 
methods enable one to discriminate between more general factors 
affecting both lungs and local factors acting on one lung only A local 
vasoconstriction has been shown to develop gradually in one lung on 
decreasmg its alveolar oxygen tension, while the other was breathing 
oxygen or atmospheric an 

In the present paper the local effects of nervous and humoral agents 
on the circulation of the lung are described At the same time a report 
is given of attempts to obtam an insight m the mechanism of the local 
reaction of the vessels of the hypoxic lung In one group of experiments 
the effect of cuttmg the vagus nerve and of partial excision of the 
sympathetic trunk has been studied In a second senes the reaotion 
of the vascular bed has been investigated on local application of vanous 
drugs introduced m the lungs as aerosol 

Methods 

The experiments have been performed on rabbits dunng urethane 
anesthesia (1 to 15 g /kg subout ) All three methods previously 
described — le the “saturation method,” the “tension method,” and 
the “ spirographio method” — have been applied indiscriminately, as 
sometimes the use of the one, sometimes that of the other, proved to 
be more advantageous 
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Vanous investigators [Larsell, 1921, Dijkstra, 1938, el al] have 
demonstrated the existence of peripheral ganghomc cells m the lung 1 ;, 
and others [Mollgaard, 1912, Dixon and Ransom, 1912, de Burgh 
Daly and Hebb, 1942] have furnished evidence that part of the nerve- 
fibres to the lungs are crossing from one side to the other It would 
seem, therefore, that is it impossible fully to denervate the lung, and 
also that the effects of unilateral section of extrap ulm ona ry nerves will 
not be restricted to one lung TTm- and bi-lateral vagotomy, uni and 
bi -lateral extirpation of the sympathetic cham down to T 1 and T 2 
(sometimes to T 3 and T 4), both with and without degeneration of the 
peripheral branches, have been performed in order to study their effects 
on the lung circulation 

As it was regarded to be of prune importance that the lungs should 
remain completely uninjured and the respiratory movements not in any 
way affected by the surgical procedure, a speoial technique for the 
resection of the sympathetic has been developed The cervical syni 
pathetic is dissected and the caudal stump is freed from the surrounding 
tissue down to the upper aperture of the thorax At this stage the 
phrenic nerve is seen running at the upper edge of the area, and special 
are has to be taken not to injure the nerve by pressure or other inter 
ference when trying to enlarge the field of vision If required, room 
may be made by removing a section of the clavioula From now on 
the contmuation of the operation requires some experience, as the very 
thin sympathetic cham is bending over the vertebral part of the first 
nb in a dorsal direction The region of the lower cervical ganglion 
has been reached, which may be recognised by the presence of a great 
number of ramifications After sacrificing the ventral branch of the 
ansa subclavia the dorsal one is followed down to the first thoraoic 
ganglion, which presents itself as a fusiform thickening of the trunk 
provided with many branches At the level of the first rib the vertebral 
artery is running along the sympathetic cham and has to be cautiously 
guarded After severing one by one all connexions of the stellate 
ganglion, the free end of the nerve is drawn through a small steel ring 
provided with a cutting edge The small ring-shaped knife attached 
to a long, thm handle may be pushed along the nerve following the back 
wall of the thoraoio cavity in the neighbourhood of the vertebral column 
By these means it is possible to out the branohes and the rami commuw 
cantes of the second and third and sometimes even of the fourth thoracic 
ganglion without any danger of perforating the parietal sheet of the 
pleura As the resection with the aid of the sharp ring has to be 
performed without visual control, the sympathetic trunk itself h cut 
finally, usually between the 3rd and the 4th thoraoic ganglion The 
whole" of the operation may be performed without significant lo of 
blood and without major disturbance to the respiratory mechanism- 
In the second senes of experiments the local action of various 
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humoral agents on the lung-vessels has been studied The substances 
have been applied to one lung by unilateral inhalation in the form of an 
“aerosol” [Dautrebande et al , 1941] The apparatus devised for pro- 
ducing these aerosols is reproduced in the figure Through the central 
tube of the ato mis er (A) the fluid is sucked to the narrow-bore tip and 
on leaving this is atomised by the rapid gas stream passing around it 
To get a stable suspension of very line droplets the exact position of the 
air outlet with regard to that of the fluid is highly important Optimal 
adjustment may be attained by turning the threaded head of the 
atomiser and fixing it afterwards by soldering The atomiser is then 
mounted m the neck of a bottle (B) m such a way that the inlet of the 



Preparation of aerosols A Atomiser B Arrangement* 

central tube comes flush with the surface of the stopper As the jet of 
atomised solution squirts against the bottom of the flask, the larger 
particles are caught and run back along the walls None but the finest 
droplets are sufficiently slowed down to be able to escape through the 
aide tube The gas mixture which the animal is breathing passes through 
the atomiser, thence to the membraneless respiratory valves, so that 
the aerosol is added to the inspiratory air The mean size of the fluid 
particles is estimated to be approximately 0 001 mm The stability 
of the mist has been improved by adding 10 per cent glycerol to the 
solution This proved to be very satisfactory, as even after hours of 
passage through a rubber tube of no more than 5 mm internal diameter 
no inconvenience of any kind has been experienced from an accumulation 
of fluid According to Bmdeisen [1935] a particle size of 0 001 mm is 
optimum for reaohmg the ductuli and saeculi alveolares, and over 80 per 
cent of the aerosol is caught there The ability of the smaller particles 
(0 00003 mm ) to penetrate would be less on account of their more 
intensive Brownian motion Robertson [1941] mentions that the 
penetration of fine dust and liquid particles to the alveoli has been 
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ascei tamed by various investigators This means there is some justifies 
tion for the assumption that in the present experiments a considerable 
part of the aerosol is deposited m the finer ramifications of the air 
passages Therefore the various agents may be expected not only to 
act on the bionchi but also on the smaller blood-vessels and on the 
parenchymatous tissue of the lung 

The fluid to be atomised must contain a rather great amount of 
the active substance in comparison with the concentration commonlj 
present in injection fluids One o c of fluid corresponds with about 
25 1 aerosol These 25 1 pass the respiratory valves m 15 minutes, 
and on estimation no more than 2 5 1 enter the alveoh (§ of the tidal 
air) Moreover, one-half of the incoming particles may be caught by 
the bronchial tree Therefore in starting from a solution containing, 
say, 5 mg of adrenaline per c e , no more than 16 y per minute may be 
expected to reach the parenchymatous tissue of the lung 

Results 

Nervous Influences — The literature on the action of the vasomotor 
nerves of the lungs has been reviewed by de Burgh Daly [1933) The 
results of the experiments with artificial perfusion show that a vaso 
constriction, or less commonly a dilatation, develops on stimulation 
of the sympathetic Stimulation of the parasympathetic nerves 
produces conflicting results Prom the more recent work of Daly 
and co-workers [1942], it is evident that perfusion experiments 
demand extremely rigid control conditions and a highly specialised 
technique 

In experiments on the living animal, the resection of the sympathetic 
chain, including the upper thoracic ganglia, is found to cause an increase 
m the uptake of oxygen and therefore a rise m blood-flow in the homo 
lateral lung (Table I) 

In this experiment part of the nght sympathetic, including the first 
thoracic ganglion, was removed Between the measurements both 
lungs were ventilated with atmospheno air, but the records themselves 
were taken during the inhalation of pure oxygen The sympathectomy 
produces a slight but distinct rise m the share taken by the nght lung 
m the total uptake of oxygen In our experience a reaction of tins 
magnitude usually occurs In some experiments we have tried to 
stimulate the upper thoracic ganglion with a faradio current Although 
m most cases a diminution of the oxygen uptake of the homolateral 
lung was effected, tins result is not to be regarded as conclusive evidence 
of the development of a vasoconstriction Usually the reaction onlv 
appeared at a strength of the stimulating current, vi hich by producing 
ambient currents caused contraction of various muscles and thereby 
interfered with the normal breathing 
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^/^Section of~the~vagils^nerve did not affect the blood-flow through 
rabbits’ lungs In undateral vagotomy, followed by removal of the 
homolateral upper thoraoio sympathetic ganglia, the effect of the latter 
predominated, as the oxygen uptake of the homolateral lung was 
observed to increase from 53 to 60 per cent of the total value 

In a senes of expenments, the effeot of dissection of the extra- 
pulmonary nerves on the development of the slow vasoconstriction, 
caused by a fall in arterial oxygen tension, has been investigated m 
order to ascertain if the adaptation of the lung circulation to its alveolar 
I 0 2 percentage, previously described by the authors [1948 a, 1948 6], 


Table I * 



is fundamentally a nervous reaction The result proved to be negative 
Neither uni- or bi-lateral sympathectomy, nor urn- or bi-lateral vagotomy, 
nor any combination of the two either shortly after the dissection or 
after a period of 5 to 16 days to allow for time for nerve degeneration, 
produced the slightest effect on the development of the vasoconstriction 
caused by the hypoxia of one lung Therefore the conclusion appears 
to be justified that extrapulmonary reflexes are not involved in this 
reaction Final judgment, however, must be suspended, as according 
to some investigators \inter alia Dijkstra, 1938] nerve-fibres even from 
the 4th to 7th thoracic ganglia may pass to the hilus of the lung The 
negative results of the expenments with nerve degeneration argue 
against a part being played by axon-reflexes via postganglionic sym- 
pathetic and preganglionic parasympathetic fibres Resection and 
subsequent degeneration is, however, insufficient fully to exclude the 
interference of axon-reflexes, as numerous mtrapulmonary ganglion 
cells remam unimpaired [Dijkstra, 1938] 
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Humoral Influences — The local effect of humoral a S™ ts 011 
lung-vessels of the living rabbit may be Bodied by the method, 

described previously if one succeeds m a PP 1 5™8 at0 rv air 

only Gases like carbon dioxide may be added to the 
and be administered to one lung by means of a Onthfee 

same procedure is practicable with atomised fim , d ({,) 

lines experiments have been conducted with (a) carbon 

adrenaline, (c) acetylcholine, and (d) famine ass0C1 atea [1932], 

(a) Carbon Dioxide — According to Fleisch and his QU tbe 

ddatation results from the direct action of car ^ e5iUie 

peripheral blood-vessels A rise of the P^ 0 ™!7 rve d hy Bmet and 
after the inhalation of carbon dioxide has been this me 

Bourse [1941], and von Elder and Ldjestrand 
may be accompanied by a decrease of fch ® P e ^“° 1937l L 5hr [1924] 
ascnbed to a pulmonary vasoconstriction [Diebol -> d perfused 

obtamed a vasoconstriction by carbon dioxide in adre nalme 

lungs of cats, but vasoddatation in the present authors 

m the perfusion fluid In a previous paper [ 1 accompanying 

describe a decrease of the alveolar carbon dioxi e n tension 

the vasoconstnotion caused by lowering t 6 a v , rb)0n dioxide 
Although it was obvious that the oxygen and n ° ^ the po&i 

tension is the primary cause of the reaction ^ o dloxjdo tension 

bility remamed that the change m the alveolar carbo 
too might affect the blood-flow through the limgs dioxide 

This possibility has been tested by the addition of carbo ^ ^ 
to the inspiratory air One of these ^P 61- ™ 6 ^ 8 ’ Iiedj 13 shown m 
tension and the spixographic methods have be PP 

T “ “VL.lat.on of 5 per coot carbon 5 t 

artenal oxygen tension is seen to nse from fr 2 20 to 270 

lung is breathing 48 per cent oxygen An increase 
Tm Hg is noticed when 21 per cent oxygen is given tot ^ 
might be taken to pomt to a constrictor r action i of ^ 

of a vasoconstrictor enod 0 f breathmg carbon-dioxide-free , 

has to be * C problem can only be solved bv a g* 

from the closed systems d F provlde a continuous record o ' 

analysis method *hx h ^ ta J n of the breathing of carbon dm 

t0 - plam tho ob "" ad mc 
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arterial oxygen tension, one should reckon with the effect of the enlarged 
ventilation, and also with the more general effects known to result 
from the breathing of carbon dioxide One of these is the central 
and peripheral action of carbon dioxide on the vascular bed m othei 
parts of the body which indirectly may affect the blood-flow through 
the lungs 


Table EE 



As the available evidence pomts to the development of a vaso- 
constriction following a rise of the alveolar C0 2 tension, a decrease of 
this tension, as has been observed in the afore-mentioned experiments, 
cannot be the cause of the vasoconstriction developing m a lung whose 
alveolar oxygen tension has been lowered This gradual vasoconstriction 
also occurs in the presence of a high alveolar carbon dioxide tension 
(Table II), and is seen to pursue its normal course Therefore the slow 
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ion m the hypoxic lung must be fully independent of the alveolar 
carbon dioxide tension 

(b) Adrenaline Usually a constrictor effect of adrenaline on the 
ung vesse is reported in the literature Most of the experiments 
ave een performed with artificially perfused lungs, as m the more 
recent work of de Burgh Daly and his co-workers [1938, 1940, 1942] 
a senes of expenments with the spirographic method, an 
a en e aerosol has been added to the inspiratory air One c o of 
e atomiser fluid was made to contain 5 mg adrenaline hydrochloride, 
corresponding on estimate with an effective dose of 16 y per minute 
n a e III an experiment of this kind has been reproduced The 
res t of the application of the adrenaline-aerosol to the right lung 


Table TTT. 


Time 


Oxygen uptake 

Tidal air 

Frequency 

Total 
c o /mm 

I Per 
cent 

1 R 
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o c 
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R 

10 40 
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18 4 

54 3 

13 7 

57 7 

32 

11 02 

K Adrenaline aerosol 

17 2 

56 4 

13 8 

58 0 

31 

11 30 

1° 00 


16 2 

40 4 

12 3 

50 1 

31 
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172 

448 

11 5 

54 8 

34 



16 5 

46 7 

11 5 

55 6 

34 



16 1 

47 8 

11 2 

53 0 

43 

A - L)»> 

12 55 

R Aerosol discontinued 

17 1 

45 6 

11 4 

51 8 

10 

13 25 


16 2 

48 8 

12 1 

53 7 

30 



15 2 

53 9 

11 3 

52 2 

35 


1 

16 0 

56 3 

10 6 

53 3 

50 


is seen to be a diminution of its share m the total oxygen uptake from 
65 to about 46 per cent For reasons given previously, this must ^ 
due to a relative decrease m blood-flow A slight fall in relative 
ventilation is also observed winch, however, is too small to be held 
responsible for the decrease m blood-flow As, according to do Burgh 
Daly, Hebb, and Petrovskaia [1942], a bronchoconstnctor effect of 
adrenaline in contrast with its common bronchodilator notion is a rare 
occurrence, the slight decrease m ventilation may possibly be ascribed 
to changes m the elasticity and the viscosity of the 1 ung (“hindrance”) 
[Bayliss and Robertson, 1039] 

The effect of ergotanune on the vasoconstrictor action of adrenaline 
has not been investigated From the literature, a weakening or oven 
a reversal of the process might have been expected [Daly and Euler, 
1932, Foggie, 1937, von Euler, 1932] On the other hand, wo have 
looked for an effeot of ergotanune on the vasoconstriction produced 
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by the lowering of the alveolar oxygen tension No effect has been 
noticed From this and from the relatively mmoi reaotion on inhala- 
tion of the aerosol is concluded that adrenaline is not involved m the 
production of the vasoconstriction caused by local hypoxia More- 
over, the slow disappearance of this effect (4 to 5 hours) argues strongly 
, against suoh an hypothesis 

(c) Acetylcholine — Various authors mention that acetylcholine 
exerts a different action with high and with low doses In general a 
small dose seems to produce vasodilatation, and a large one constriction, 

' t of the vessels of the lung In artificially perfused lungs of the rabbit a 



strong vasoconstriction appears on the administration of a moderate 
dose [von Euler, 1932] In dogs’ lungs a dilatation of the vessels is 
common, but with high doses (over 50 y) Berry and Daly [1931] have 
observed a vasoconstriction which was found to increase on giving 
physostigmine and was abolished by atropine Foggie [1940] reports 
identical results Petrovskaia [1939] mentions that m the lungs of 
young pigs the dilatation may be converted into constriction by raising 
the dose or by the addition of physostigmine A review of the literature 
on the subject before 1933 has been given by de Burgh Daly [1933] 

A specimen of the experiments on the action of acetylcholine on the 
lung of the living rabbit has been reproduced in Table IV 

The acetylchohne-aerosol (2 5 mg acetylcholine hydrochloride per 
c c atomiser fluid) without and with the addition of physostigmine 
(0 3 mg physostigmine sulphate per o c atomiser fluid) is acting on the 
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right lung during bilateral inhalation of atmospheric an Without the 
pnysostignune the acetylcholine is seen to produce a weak vasodilatation 

sfi + 6 ffn ° n § ht 111 ^he total oxygen uptake increases from 
0 per cent The addition of the physostignnne causes a rerr 
onounce vasoconstnotion shown by the drop in the oxygen uptake 
° m o 36 o per cent within 46 minutes The effeot is, however, 
accompanied by an equal decrease of the ventilation of the lung Thu 
res is nearly completely abolished by the addition of atropine to 
e aerosol (10 mg atropine per c c atomiser fluid) In the absence 
o p ysostigmine an morease in acetylcholine content of the atomiser 

U P P er c c does not produce a vasoconstrictor effect 

(Table V) 


Table V 



he gradual development of the dilatation caused by the acetyl 
choline is rather remarkable As the hydrolysis of acetylcholine n> 
known to be a rather rapid process, this slow reaction might be an effect 
of the choline Experimental evidence, however, showed that choline 
even in a high dose (150 mg oholme per cc atomiser fluid) produces 
no dilatation but only a slight oonstnotor reaction On account of the 
striking result of the addition of physostignnne to the acetylcholine- 
aerosol the aotion of this drug has been investigated separately An 
aerosol of even 1 mg physostignnne per o c atomiser fluid, however, 
appears to produce only a very weak constriction, decreasing the 
relative oxygen uptake from 53 5 to 51 per cent 

On the supposition that the vasoconstriction resulting from low enng 
the alveolar oxygen tension might be due to an accumulation of acotyl 
choline in the hy poxio lung, the influence of atropine-aerosol on the 
development of the vascular reaction has been studied Atropine, 
winch promptly abolishes the striking effect of an acetylcholine 
physostigmine-aerosol, proves to be unable to affect the hypoxic vaso 
constriction This reaction of the lung-vessels is neither accelerated 
nor intensified by physostignnne The conclusion therefore seems to he 
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justified that the narrowing of the vascular bed of the hypoxic lung is 
not to be ascribed to an action of acetylcholine 

(d) Histamine — The older literature on histamine has been reviewed 
by Feldberg and Schilf [1930], more recent information on the action 
of this drug on the vessels of the lungs may be found, amongst others, 
in the papers of Dixon and Hoyle [1930], Woodbury and Hamilton 
[1941], Daly [1938], and Daly, Doggie and Hebb [1940] In general 
the response of the lung-vessels of the rabbit on the administration of 
histamine turns out to be a vasoconstriction The contraction is 
supposed to be situated in the arterioles, a specific aotion on the 
capillaries is regarded as problematic Our relatively poor knowledge 
of the action of drugs on rabbits’ lungs probably results from the fact 
that this knowledge had to be derived from experiments with artificial 
perfusion Rabbits’ lungs are not well suited for experiments of this 
kind 

In studying the effect of a histamine-aerosol on the lung circulation 
of the living animal, a very pronounced diminution has been observed 
m all experiments 

Table VI shows some results obtamed by the spirographio method 
when an aerosol (23 mg histamine dihydrochlonde per c c atomiser 
fluid) was added to the mspiratory air An extensive fall in the circula- 
tion of the right lung is noticeable within ten minutes, the relative 
oxygen uptake dropping from 68 6 to 44 6 per cent In some experi- 
ments the fall proved to be far greater, e g from 60 to about 6 per cent 
This variety m extent of the effect cannot solely be explained by the 
presence of a different concentration of histamine m the aerosol 
Probably the depth of the anaesthesia too is important, as, according 
to Feldberg and Schilf [1930], m rodents, urethane may weaken the 
response of the bronchial musculature to histamine 

These extensive reactions, however, are always accompamed by a 
very large deorease in ventilation of the lung to which the histamine 
is being administered It is hard to say m how far the former effect 
is influenced by the latter However, proof of the existence of a direct 
constrictor action of histamine on the vascular bed of the lungs is shown 
in Table VI by the administration of histamine at 13 44 and at 16 30 
In the first case the reaotion of the ventilation is very slight, and it is 
absent m the second, but m both cases a distinct vasoconstriction 
develops, as shown by the fall m the relative oxygen uptake The 
weaker response at 10 30 is perhaps due to a greater depth of the 
anaesthesia When at 14 08 the breathing of the histamme-aerosol is 
mterrupted, the full disappearance of the effect is seen to take about 
one hour The subsequent partial reversal of the reaction, tea slight 
increase both m blood-flow and in ventilation, should be noted 

After the renewed application of histamine at 18 06, neo-antergan 
2 <86 RP (0 1 mg per cc atomiser fluid) was added to the inspired 
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-According to pom 

the anti-histaminicg agai^^wi^ t 1944 ]> tlj e antagonistic action of 
“ “ bb “* by various foetal “ d ° S6 is abcUd 

‘Meaa a prompt ctaapp^a n T’/ T b °°f fT ^ “»“«» fcr 
circulation lias always been nh««r ^ effeots of famine on the lun® 

, Both the mhalabon o? a ° r» “ 61 ™ ls 

alveolar o:cvg M tension resul/ Tn ,™'”” 1 ?™ 0 ' “° d a ,owem S of tfc 

UDg -According to the experience °° llstnc *' 10n of tho vessels of the 

experience of a number of investigators [Best, 



Table VI * 
Oxygen uptake 


Tidal air 


Total 
' c /min 


R Histamine aerosol 
R Aerosol discontinued 


Per 

cent 

R 

| Total 

1 o c 

54 5 

1 14 8 / 

5S 9 1 

1 14 9 

59 3 

13 9 

58 0 

14 4 

445 

12 0 

44 8 

14 2 


I 

Frequenn 


001 
604 
60 4 
50 0 


R Histamine aerosol 


R Histamine neo 

antcrgan aerosol 


58 5 
55 1 

51 0 

52 0 


R Aerosol discontinued 


58 1 
02 0 



0 0 

57 6 

47 

10 2 

58 8 

42 

12 4 

57 5 

33 

13 8 

58 0 

30 

i oxygen 


Walilberg, 1936, Eiohler and Sped Peat ’ 1933 ’ Tarrns 
1943], the lungs are involved in the ’in , ElcJlJer > S Peda, and Wolff, 
function seems to depend on the sun , eta ;! 0 hsm of bistanune, and this 
with the fact that the fermentn+.r/i^ ° , 0 - x ’3 T gen This is consistent 

nmase or ‘ ’ ” f°" ° f 

, n.nion.Oo. — .. n . ssentially an oxidate Vfl Tirnnncw in 


witn tne lact tiiafc the fermentative b l w consisteni 

histammase or diamino-oxydase is eLrTn'™ of Justaiuine by thc 
which molecular oxygen fulfils the role nf! iT T 0xuhitlve process in 
1942] hydrogen acceptor [Zeller, 

With -* 1 — j.- - 


With these considerations m mind 
been made to test whether histamine mirdit ho 1 ™ 8 , observatloni ’ 
to local hypos, a They „ay he 
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(a) At the end of a period of unilateral breathing of a very low 
oxygen mixture, the his tamine content of the nitrogen lung, deter- 
mined after Code [1937], surpasses that of the oxygen lung by 
approximately 50 per cent (Table VXI) This is, however, only true 
if the nitrogen lung has breathed nearly pure nitrogen during a couple 
of hours In breat hin g 6 per cent oxygen the difference m histamine 
content is insignificant There seems to be no close correlation between 
the increased histamine content of the nitrogen lung and the degree of 
vasoconstriction 

( b ) In adrenalectomised rabbits, which are known to possess an 
increased sensitivity, amongst others, to histamine, unilateral ventilation 
with nitrogen sometimes causes a vasoconstriction within 15 minutes 


Tabu: VII 


Espt No 

Inspiratory air 

Histamine content 

(y per g ) 

Difference 

in 

per cent 

Duration 

(hours) 

0, 

per cent 

Nitrogen 

lung 

Oxygen 

lung 

22 


0 22 


10 4 

+ 37 

24 


0 46 


72 

+ 74 

26 


0 22 

■lift: 

63 

+ 60 

26 

13 

4 66 

61 

7 0 

-15 

36 

G1 

6 10 

23 

22 

+ 5 


instead of the usual 8 hours [Heemstra, 1948] The results, however, 
are complicated by the rapid decline of the general condition of the 
adrenaleotomised animal (progressive fall of the blood-pressure and 
death) in the course of the experiment As adrenalectomy not only 
increases the sensitivity to histamine but aho to other substances, it 
is not permissible to draw a definite conclusion from these experiments 

(c) Anti-histammics (antergan, neoantergan, 3277 R P ) do not 
suppress the hypoxic vasoconstriction either by application as an 
aerosol or by suboutaneous injection The effect of a histamine- 
aerosol is promptly abolished by these substances 

{d) The administration of a histamme-aerosol does not accelerate 
the establishment of a hypoxic vasoconstriction If during the slow 
development of a hypoxic vasoconstriction a histamme-aerosol is given 
to the nitrogen lung, a rapid constriction superimposes itself on the 
gradual one By discontinuing the supply of histamine the more rapid 
constriction disappears, while the gradual one may be observed to 
develop m the ordinary way 

(e) Incidentally it was observed that a rabbit, which did not react 
on the administration of a histamme-aerosol, exhibited a distinct 
constriction on breathing mtrogen , \ . > - , _ 
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with the conception uader ( a ) and ( b ) are not mcompatiblf 

local iypo^a fciol “ be involved m the reach* tc 

show a different action ^. r f a ” Sed m ( c )> @) and («), on the other hand, 
Tins stated* ° flllstamiDe a "d of hypoxia 
by Folkow Haecer ^ ^ 3 ®™ bles fc hat in reactive hyperamia studied 
by some ;f r S r ’ t rlf ^ ^ ^tion, too, * da, mod 
hitammics wL. / ftom a bberation of histamine Ant, 

dilatation, and there’ ° ^ eX ^ rt any 1110,161106 011 t}, e reactive vaso- 
sensitmtv to hiHtnn Q o correlation between the extremely variable 

The possibility ofTther ^atf 6 “ agIUtude of the reuctlV0 hyperamia 
the vessels in Datu rally accumulated metabolites dilating 

vessels m our e\n ^ TP eKBmia and causing a constriction of the lung 
vessels m our experiments cannot be excluded 


Summary 


agents on the hi e J° n ed , m P revious papers the action of vanous 

hvmg rabbit T?°° orrcu ^ ailOQ 111 the lungs has been studied in the 

the unner thorns 6860 'T ° f part of fclle sympathetic trunk, including 

dung Vaeotom 10 gan f] ia ’ causes au increase of blood-flow through the 
mng Vagotomy is without effect 

vaso cons trio tnr 0 ° °i ^ prodaoed fc bat carbon dioxide might exert a local 

*■ disappearance^nst d "*^* ° f the " “ 4 

stnction of V f,!f an a drenaIine-aerosol produces a distinot con 

ventilation un g~ vessels accompamed by a shght decrease w 

ddatation^wfl °h ace ^°bo2ine-aerosol proves to be a weak voso 
stmnrr ™ ^ °f tie addltlon of physostigmme changes into a 

S lalfcfp' f C 0n accorn P arue d by a decrease m ventilation 
. “if 5, CS ar ® abolished by atropme A large dose of choline 
has been found to exert a shght constrictor action 

The inhalation of histamine-aerosol causes a very pronounced 
narrowing of the lung-vessels, which at a high dose is accompamed by a 
great diminution of the ventilation Anti-histamimcs fneo antorgan) 
rapidly abolish the effects of the histamme-aerosol 

The adaptation of the calibre of the lung-vessels to the alveolar 
oxygen tension is not mediated by extrapulmonary nerves Neither 
adrenaline, acetylcholine nor histamine seem to be involved in the 
mechanism of its production The histamine content of the nitrogen 
lung generally surpasses that of the oxygen lung by approximated 
50 per cent 
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SPONTANEOUS INTRACORPUSCULAR INACTIVATION AND 
REACTIVATION OF HAEMOGLOBIN By G Fegler 1 
From the Department of Physiology, University of Edinburgh 

{Received for publication ith August 1948 ) 

Inteoduotion 

It seems to be well established that inactive fonnB of hemoglobin 
which do not combine with oxygen are present m normal circulating 
blood Variable amounts, mostly as methromoglobm, have been 
demonstrated m the blood of different species [Ammundsen, 1941, 
Van Slyke, Hiller, Weisiger and Cruz, 1946, Ramsay, 1944, Von 
Issekutz, 1939, Prado, 1946] It is important m defining the conditions 
under which haemoglobin inactivation ocours to signify whether this 
is due, on the one hand, wholly or in part to the formation of methaemo- 
globm or, on the other, to the production of some other maotive form 
In this paper the terms “inactive or inactivated haemoglobin” will be 
used to denote that the nature of the inactive form has not been experi- 
mentally determined Whenever haemoglobin inactivation has been 
shovn to be due to methsemoglobm production, the term “methsemo- 
globin formation” will be used 

It has been shown that methmmoglobm is gradually formed in 
whole blood and haemoglobin solutions kept m vitro Neil and Hastings 
[1925] have shown that spontaneous oxidation of haemoglobin in 
solutions largely depends upon a partial deoxygenation of the solutions 
under test Brooks [1932, 1935], who confirmed this effect of partial 
deoxygenation, discovered that pH values of the solutions below the 
physiological range and temperatures m the neighbourhood of 30° C 
enhanced the methmmoglobm formation The fact that blood circulat- 
ing in active tissues also encounters a low pH and a low partial pressure 
of oxygen suggests that these conditions may favour inactivation of 
haemoglobin (methsemoglobm formation) m the red cells of circulating 
blood It is known, however, that one of the conditions preventing 
the accumulation of methcomoglobm in blood is a constant intracellular 
reduction of methsemoglobm by glucose which is a process catalysed 
by ail enzyme system [Warburg, KLubowitz, and Christian, 1930, 
Wendel, 1932, Cox and Wendel, 1942, Eaese, 1946, Gutman, Jandorf, 
and Bodansky, 1947, Gibson, 1948] 

1 In rccoipt of porsonal grant from the Agricultural Research Council 
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These results suggest that the concentration of methsemoglobm in 
the blood is determined by the equilibrium between the condition^ 
governing its intracellular formation and reduction 

The aim of the investigation to be described was to carry out 
preliminary experiments to test this hypothesis In order to obtain 
changing conditions %n vitro closely simulating those which the circulating 
blood encounters in the living tissues, a technique was developed for 
the exposure of red blood cell suspensions to appropriate gas mnturti 
for different periods of time Horse red blood cells were used in the 
experiments The determinations of the degree of inactivation were 
earned out by gasometnc and photometnc methods and accordingly 
the results of experiments wall be desenbed in two separate seotions 


I Spontaneous Inactivation of Haemoglobin Detebmined 

Gasohetbioally 

Methods 

Horse blood collected from the jugular vein was used m thfoa 
experiments Heparin BDH or Liquenun Roche (1000 units per 
100 ml ) served as an anticoagulant The expenments started usually 
2—4 hours after bleeding, and m a few only, blood kept at 0° C for two 
days was used Red blood corpuscles were separated by centrifuging, 
the plasma discarded and replaced by saline The centrifuging vas 
repeated, saline discarded, and cells were resuspended to male 35-40 
vols p c m a medium containing 4/5 of the M/5 phosphate buffer ant 
1 /5 of saline For the experiments in whioh the suspensions were sub 
sequently exposed to nitrogen, the pH of the buffering solutions was 
7 0-7 20 In expenments in which a mixture of nitrogen and carbon 
dioxide was used, the pH of the buffer solution varied from 7 30 to 
7 40 The suspension was then aerated for one hour at room temperature 

and the initial capacity for oxygen or carbon monoxide was determine 
m the Van Slyke-Neil apparatus 

A sample of 5 ml of the suspension was introduced into a ‘ gla»s 
rod” tonometer [Fegler and Banister, 1946], filled by nitrogen or 
nitrogen and carbon dioxide (5-8 pc) and exposed at 37 5°-38° C for 
different periods of time (2-15 minutes) At the end of the exposure 
period a sample of 1 ml was drawn out from the tonometer and the 
capacity for oxygen or carbon monoxide was determined 

Two methods of determination of oxygen capacity were used one 
was similar to Sendroy’s [1931] with shaking of the 1 ml sample diluted 
with saline m the Fan Slyke apparatus chamber filled with air or oxigen, 
or oxygen + CO., , in the second method the “glass rod” tonometer was 
used The whole suspension after the exposure to N, or N. + CO. 
withdrawn from the tonometer and transferred to another one filled 
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witli air or oxvgen and exposed at room temperature or at 37 5°-38° 0 
for 15-25 minutes The contents of oxygen found were corrected ior 
physically dissolved oxygen according to data given by Sendroy, Di , 

and Ebr n deter k mnatiois of carbon monoxide capaoity, suspensions were 
saturated with carbon monoxide in the Van Slyke apparatus chamber 

Table I —The Inactivation of Hemoglobin in Hobse b b c 
Suspensions Exposed to Nitbogen 


Conditions of 
Expt desaturation and 

X'o oxygen capacity 

determinations 


Initial specific 
oxygen capacity 
ml 0,/l 0 g Hb 


p c decrease in specifio 
capacity after the exposure 
to nitrogen for 


2 mm 5 nun 10 min 15 mm 


Desat N,-38° C 
Satur 0,-38° C 
Desat N,-38° C 
Satur .Air-13° C 
Desat jSf t -38 0 C 
Satur 0,-13“ C 
Desat N,-38° C 
Satur 0,-14° C 
Desat N,-38° C 
Satur .Air-15° C 
1 Desat N,-38° C 
I Satur 0,-38° C 
Desat N,-38° C 
Satur 0,-38° C 
Desat N,-38° C 
Satur 0,-38° C 
Desat N,-38° C 
Satur .Air-1 5° C 
Desat N,-38° C 
Satur Air-18 5° C 
Desat N,-38°C 
Satur 0,-18° C 
Desat N,-38° C 
Satur 0,-18° C 
Desat N,-38°'C 
Satur 0,-18° C 


0 8 5 9 


50 0 0 


and analysed according to Van Slyke, Hiller, Weisiger, and Cruz 
method [1946] (Due to technical difficulties in obtaining the “ferri- 
cyatude syringe” recommended by the authors, the solution of fem- 
cyanide was evacuated before each analysis ) In some experiments 
the saturation with carbon monoxide was carried out after the exposure 
period in the same tonometer to which carbon monoxide was added 
(approximately CO ml to the 300 ml capacity tonometer), and the> 
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suspension was exposed to it for a period of 5-6 min utes Then the 
sample was withdrawn and analysed on carbon monoxide content 
The haemoglobin concentration was dete rmin ed in each sample by 
Stadie’s [1920] cyanmethaeinoglobin method modified by Wu [ 1922 ], 
using the Hilger-Spekker photo-electnc absorptiometer and the green 
(No 5) filter The specific capacity was calculated horn vo Is pc of 
0 2 or CO given by gas analysis and from the haemoglobin concentration. 
This was read from a calibration curve obtained by diluting the standard 
solution of blood in which total haemoglobin was determined by carbon 
monoxide capacity method [Van Slyke, Hill er, WeiBiger, and Cruz 
[1946] 

The percentage decrease in specific capacity ( ml 0 2 /l g haemoglobin) 
was used in the course of these investigations as a measure of the extent 
of inactivation [presumably methaemoglobm formation] 

The pH of the suspensions was measured occasionally, using the 
portable Cambridge Instrument Co pH meter and the dip type 
calomel-glass electrode system 


Results. 

The results of the series of experiments with exposure of red blood 
corpusoles (r b c ) suspensions (pH 7 00-7 20) to N, (Table I) seem to 
indicate that a definite partial inactivation of hsemoglobin develops 
after a 2-15-imnute period of de saturation The extent of inactivation 
varied in different experiments In some experiments, however, it 
was possible to carry out determinations of oxygen capacity on th® 
same suspension after exposure to N 2 for at least three different periods 
of time The results when plotted against time fell on a smooth curve, 
thus excluding a gross error The average percentage of inactivation, 
calculated from all the data, plotted against time of desaturation also 
gave a definite ourve, which shows that the growth of inactivation 
decreased with the increase of the time of exposure and therefore with 
the degree of desaturation (fig 1, curve No 1) 

In a second senes of expenments (Table U) the effeot of exposure to 
N. + 5-8 p c C0 2 on the r b o suspensions m saline-phosphate buffer, 
pH 7 30-7 40, was investigated After the exposure the capacity f° r 
oxygen or carbon monoxide was estimated as descnbed above 

These expenments gave results only partially similar to those 
obtained with exposure to N 2 Approximately the same rate of u> 
activation was obtained for ex-posures lasting up to 5 minutes When, 
however, a longer period of exposure was used, for instance 10-la 
minutes, reactivation of hemoglobin became apparent 

This is illustrated by U-shaped ourve (fig 1, curvo No 2) ropre 
ssnting the relation between time of exposure and the corresponding 
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average value of inactivation Tins curve, taken m conjunction with 
curve 1, suggests that when a suspension of r b c is deoxygenated m 
the presence of carbon dioxide the process develops in three phases 
(1) growth of inactivation, (2) equilibrium between inactivation and 
reactivation, and (3) reactivation prevailing over the inactivation The 



Periods of exposure in min 

Pig 1 — The effect of exposure of 5 mJ r b c suspension to N s ( O ) 

N 3 ~h CO j (•) Estimation of the p c inaotivation of hasmoglobin by gasoroetm 

methods 


third phase of the process does not appear at the same time when the 
suspensions are exposed to nitrogen only Tins difference suggests that 
carbon dioxide may act as an important factor preventing further 
inactivation 


II Photometric Determinations of the Spontaneous f NTIU 

CORPUSCULAR INACTIVATION OF EL2EMOGLOBIN (METHRJIOaLOBl’' 

Formation) 

Methods 

The preparation of suspensions and the exposure to gus mixtures 
ere earned out using the technique desen bed in the first section 
glucose does not penetrate rbe of the horse [Kosaua, 1014], th e 



r 7 , ; • . • . V 1 - A ‘ iV 

l -v ,', ! ' > ~ T .spontaneous Intracorpuscular Inactivation , 249 ' 

I of ^-except in a few experiments, was usually omitted' " More ' 

, attention .was paid to experiments on the influence of exposure to 
i ^+00, on inactivation and in only a few experiments N. was used 

; e™r:coS h « m ~ 8180 “ - 

TtemeETj™’ T ed ° n *■“ m6thod ° f E7s >Jn and Mal% [1933]’ 
X?of mT” ““‘iff the absorption 

1 Sw r g “ m s° r oxyhfflmoglobin A Pulfhob photomX 

pboi of “• m8thods w fcr *• 

o 2 ml rf WT? SOlutl0n to be teatod was prepared by disnolraig 

bailer ’ iC ^^ rat rr°"° n 9 m 6 o” 1 °, f M/60 ’ pH 8 60 pieaplratf 
oxygen was Wh ° n h£emol y sis ™ completed, pure 

saturation with ow ^ | 5 to 30 seconds This ensured maximal 
any carbon diox^vh^h^h T®* **“ PUrp ° 8e of « ettlD g nd of 
N, + COj or air + C0 2 k h ^ °° ntamed after bein g exposed to 

essential ^ mixtures The measurement of K, is 

not only’on the amount ofme°th NaCI ! < meaau * ed b ? K i~K 3 ) depends 

quantity of pigment ^haemoglobin present but also on the total 
'Of different pmochTof^ ° f ^ 8ectl0n tbe P H w as measured at the end 

*»» m be s'inir 1 ,?' t ° ^ «» 

oonstrnoted on the principle of SharW^ the suepenaion, an arrangement 
°f two tubes connected by I f l 6 Was med K consisted 

with saturated solution ofKCl and ° n8 ° f ^ tubeS was fllled 

electrode, the second ^ 8erTed 88 a Earner for the calomel 

Maroon,.. naj“^7 ^ ‘ ** ‘bo gta etecta.de 

eontamer made a sufficientlv Wu i f h ® 8USpenaion P lace d mto this 
marked loss of o^tS^bSTfT ° f ^ to a ^ 

mutation These measurement?^?? dunng tbe det er- 

Portable P H meter The systeL 7*1 ^ ° Ut ™ tb Horn’s 

known pH and was found 7o nZ I? f he ,° ked mth buff er solutions of 
' u 10 give satisfactory results 
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Results 

1 m “ ° f,le M *r°™reof Sei Blood Corjmcle Su.pens.mlo 
Tbe N 2 andN 2 + C0 2 

show relatively Wevlrm? 6 ” 11161 ^ 8 u™ coUeoted m Table m They 
factors, including teebm , 10n3 ’ ma 7 have been caused by many 

the gas phase varied fr ° ® rrors Thus the concentration of CO in 
0„ present i co Zt 5 to 7 P c and there was also about 1 p c of 

gasometnc < ^ dm ° f ^ and N ’ + C0 « Tie 

scribed 111 preceding section suggested 
r i 1 — — 


8 

3 

S 


p < 
9 



TTo 


-} - 1 1 1 L 

4 8 12 

Periods of exposure m mm 

the maotltatonSId 'foocUvSTi,' 0 " “° d C0 = '“‘T IIlll, “°' t 

variations m partial pressure of cartT”"?' “a ™ P« S|W » •“ "* 

*51 r 


atuiea m wmcn me formation and rerhmf.™ 77 

J*™ 6 * 1 “ th , 8 , “? e after severd ^eTaTp^d” of 

expos re As in the gasometnc” senes of experiments hero also the 
results of these more complete expenments were expressed by a smooth 
curve Also the average figures when plotted against the time of 
exposure to 2ST, or N s + CO s gave curves of the same character as those 
drawn from data of any other complete expenments Tins is illustrated 
by fig 2 
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The photometric determinations of the spontaneous inactivation 
(methEemoglobm formation) confirmed the results of gasometnc experi- 
ments earned out m similar conditions As regards the effect of exposure 
to N» + CO s (fig 2, ourve 2), a similar U-shaped curve was obtained 
showing the phases of a (1) formation of methsemoglobin, of (2) an 
equilibrium between the formation and reduction of it, and (3) a re- 
activation process which markedly prevailed over the formation 

The effect of exposure to N 2 (fig 2, curve 1) differs from that of 
exposure to N, + C0 2 in that the concentrations of methEemoglobm 
found at different periods of exposure to N 2 are higher than in N 2 + C0 2 
experiments Also the "equilibrium ’ ’ phase lasts longer, so that at 
15 minutes of exposure to N, the "reactivation” phase, though already 
visible, is much less marked than m N 2 + CO a experiments This 
last phase in the “N 3 ” curve is, however, better shown in these experi- 
ments than m the corresponding gasometnc experiments Also the 
extent of methsemoglobm formation in the “N 2 ” experiments as well 
as in “N 2 + C0 2 ” expenments found by photometric determinations is 
less pronounced than m gasometnc senes A qualitatively similar 
difference was found previously by Van Slyke, Hiller, Weisiger and 
Cruz [1946] 

The U-shaped curve obtained in expenments with exposure to 
No + C0, suggested that C0 2 might be important as a factor preventing 
the accumulation of methsemoglobin Yet it should be noted that a 
decreased pH within the rbc produced either by a suitable buffer or 
by uptake of C0 2 is important for the formation of methsemoglobin 
Many determinations (gasometnc and photometric) earned out in the 
course of the present work on suspensions exposed to N. for 1-15 
minutes showed that there was no measurable formation of methsemo- 
globm provided the pH was kept constant at 7 30-7 40 This indicated 
that deoxygenation alone without change m pH was not a major factor 
of intracorpuscular methEemoglobm formation 

The pH of a suspension exposed to N 3 + C0 3 usually decreased from 
1 1-7 3 to 7 2-7 1 respectively It was then rather surprising that 
suspensions in which pH was kept at the same level (pH 7 2-7 1) by a 
buffer, when exposed to N s behaved m a different manner than those 
exposed to N 2 + C0 2 An explanation for this difference may be the 
specific effect of C0 2 This gas can penetrate easily mto rbc and 
cause there a sudden decrease m pH, thus influencing the release of 0. 
more effectively than when the suspension kept at constant pH 7 2-7 1 
is exposed to N, Since C0 2 increases the rate of Hb0 2 dissociation, and 
also, as might be expected from the results of Ramsay [1946] and Ned 
and Hastings [1925], more complete deoxygenation favours the dis- 
appearance of methEemoglobm , it is possible that the extent of methremo- 
globm formation and reduction may depend not only on partial pressure 
of carbon dioxide in N.+CO. mixtures but also on the tune of exposure 
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Expenments described below show, however, that even complete 
oxygenation could not prevent some methaemoglobin formation pro- 
vided temperature and pH were favourable 

In one experiment aerated suspensions of r b c m M/ 5 phosphate 
buffers of different pH were kept at 38° C for one hour and then the 
concentration of inethtemoglobin in each was determined photometrically 
The results of this experiment are tabulated below 


pH 

p o methamoglobin 

7 40 

0 09 

7 35 

0 00 

7 30 

0 09 

7 20 

0 90 

7 08 

1 24 

7 00 

I 34 

0 60 

1 50 


Further, in a senes of' expenments the exposure for different penods 
of tune (5-15 minutes) to a mix ture of air or oxygen with carbon dioxide 
of 5 ml suspension placed in a “glass rod” tonometer was earned out 
at 38° C At the end of the exposure metheemoglobm wgs determined 
photometrically In some of these expenments the change m pH after 
the exposure was also measured The results are given ih Table IV 


Table IV — Methaimoolobin Fobmation in Suspensions of b.b c Exposed 
to Aib+CO, aud O, +CO* (6 mu. Sample 38° C) 


Expt 

No 



percentage methaomoglobun 


Exposed 

to 







Initial 

5 imn 

7 mm 

10 min 

12 nun 

15 mm 


250 

Air + 50 mm 

0 



1 a 



263 

, P P CO, 

Air + 60 mm 

0 

1 0 


1 8 


1 3 

263A 

PP co, 

O, + 00 mm 

0 



1 9 



264 

PP CO, 

O, +55 cm 

0 

1 0 




1 8 

265 

PP co. 

0 

1 1 





265A 

271 

Air, pH of 
augp =7 08 

0 1 


1 2 




O, +57 mm 

0 

1 1 


1 4 


1 0 

302 

PP co. 

Air + 40 mm 

0 


2 1 



?4 9 , 

302A 

PP co. 

pH = 7 38 





pH + 7 18 

0, + 67 mm 

0 




2 7 


PP co. 

pH = 7 40 




pH =8 8 



From the results of these expenments it may be concluded that, 
even at the highest possible saturation with oxygen, methmmoglobin 
might be formed within the r b c when in the presence of CO, or a 
suitably decreased pH at 38° C 
VOL XXXIV. NO 3—1048 
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3 Experiments mth the Interchange of the Gas Phase 

° f the ** 

^ E Hg 8 ^rtS r p‘«^ UteS 10 “ ' ,0ntam " g C0 > “ 2W0 "" 

with^cf suspension treated in (1) to the atmosphere of X. 

^te? S ,y° mm H ^PP for two periods o if time « 
and 10 minutes respectively 

{) Repeated exposure of the suspension treated m (2) to air 
+ vUo as in (1) 



Fio 4 Effect of exposure of the same sample ofrbo suspense I, 
* 11 to K a + C0 2 m, again to air + C0 2 


to 


All exposures were made in the “glass rod” tonometers at 38° C, 
and at each stage the concentration of methmmoglobm was determined 
photometrically 

These experiments formed an attempt to imitate the changing 
conditions of 0. and CO. saturation in blood as it flowed through the 
lungs and tissues 

The results of this senes of experiments are given in Table V and 
illustrated in fig 4 It might be inferred from them that the main 
site of methmmoglobm formation is the lung The conditions ulnch 
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the blood meets in the tissues favour the reduction of preformed 
methsemoglobm, though there may be a short initial period of its 
further formation 


Table V — Results or Experiments with the Ihtehohahqe or the 
' Gas Phase 


1 

Expt 

No 

I 

Oxygenation period 
Exposure to air 
+ CO, in minutes 

n 

Deoxygen ation period 
Exposure to N, +CO* 
in minutes 

m 

Oxygenation period 
Exposure to Air +CO, 
in minutes 


PP co. 

10 

pp CO, 

o 

3 

6 

10 

pp CO, 

2 

5 

10 

275 

HIS 

— 

1 3 


1 4 




28 2 


m 


27ft 


1 0 


1 6 




40 0 

0 9 



! 277 


1 3 


filil 



02 



1 6 


278 

28 6 


61 2 

1 4 




28 6 



2 7 

279 

28 7 

1 3 

61 7 

2 1 


07 

nj 

28 7 


14 

1 8 

282 

28 5 




2 4 


m 

28 6 


1 9 


A\ erage 

32 3 

1 12 

66 0 

1 6 

Ki 

0 1 

| 32 3 

n 

1 6 

23 


Discussion 

Experimental results reported in this paper indicate that when 
horse red blood cells are subjected to pH of 7 2-7 1, and to oxygen 
at certain cntioal levels, inactivation of haemoglobin develops in a 
comparatively short time Should, however, the oxygen saturation 
drop below about 30 p c , a reactivation becomes apparent , eventually 
a complete disappearance of preformed methsemoglobm may occur if 
the degree of deoxygenation becomes sufficiently pronounced Partial 
deoxygenation seems to create the right conditions rather for reactivation 
than for inactivation of haemoglobin within the rbo This suggestion 
is supported by the experiments in which methaemoglobra formation 
was obtained m suspensions of rbc exposed even to pure oxygen 
provided the intracellular pH was simultaneously decreased It is not 
excluded, therefore, that the conditions of a decreased affinity for 
oxygen such as produced by a decreased pH may favour tbe intra- 
cellular formation of methsemoglobm in concentrations of the range 
found m these experiments 

Further, mention should he made of the possible inhibitory influence 
of high oxygen tensions on the reactivation of haemoglobin 

The importance of the intracellular pH changes for the formation 
and that of deoxygenation for the reduction of methsemoglobm was 
illustrated by fig 3 The scatter diagram on this figure shows that m 
the conditions of our experiments the initial phase results from the 
carbon dioxide uptake, which is a faster process than the release of 
oxxgen, so that a considerable drop in intracellular pH occurs before 
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was used for calculations The deviation of botli experimental 
curves from tiic corresponding tlieoretical curves may serve as a measure 
of the extent of reduction process counteractmg the formation of 
methaemoglobm within the r b c as the release of oxygen progresses 
On the fig 6 percentage differences between expenmental and theoretical 
data were plotted against corresponding percentage of oxygen release 
and carbon dioxide uptake calculated from data of the same experiments 
(229 and 297, Table III) An almost straight line relationship between 
the degree of deoxygenation and the extent of methaemoglobm reduction 



pc Oj release and CQ t uptake 

Fig 0 — Curve 1 relation between the degree of deoxyge nation at s the exposure 
^i+COj and the extent of methaarooglobin reduction (p c difference between 
neoretical and experimental curves of methiemoglobin formation (see fig 5 ) 
Curve 2 the same relation at the exposure to Curve 3 relation between the 
degree of CO* uptake and the extent of methcemoglobin reduction 

is shown by the curves 1 and 2 on fig 6 The relation between the 
carbon dioxide uptake plotted against the values of methaemoglobm 
reduction is shown on the same figure by the ourve 3, which suggests 
that there is a less direct effect of carbon dioxide uptake on the 
methaemoglobm reduction than that of deoxygenation 

The method used in the experiments described measured the 
relatively slow exohange which occurs between a liquid and a gas 
phase However, as definite relations have been found between the 
degree of deoxygenation and carbon dioxide uptake and the mtra- 
corpuscular inactivation and reactivation of haemoglobin, it is probable 
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Roughton, 1923 1995 ,no fi ^ Ci , Uld Phases be used [Hartndge ami 
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probably regarded as aTr co ^ 1 ® 1< ^ eratlon 3 J the U shaped cune may be 
events happening when bionr/° n ^ though m mucl1 Jon g er time) of the 
formation of methmmnrri v> c °nies m contact with tissues The 
methaemoglobm alrpnrlJ? ° ID> ° T a ^ urt ^ er mcrease m concentration of 
the exposure to hieher ? reaenfc ’ take P la ce m the initial stage of 
looses its oxvaen thn rx ension of carbon dioxide, but as the blood 
proceeds if ° rmatloa of niethaemoglobm stops and its reduction 

on intensity of m-ir™ n ° ° n conc htions of flow through capillanes and 
the deoxygenation wai T C0nsum P^ 10n and carbon dioxide production 
m artenal blood mav h Vei ^ ex ^ eDslve , all mactive haemoglobin present 
would return to the 1 6 S ° hlood free of methaemoglobm 

conditions which f a -rr here, however, the blood meets again the 

long as the blhnd ,° U j reactivation, whioh may proceed as 

oarbon dioxide I f ° ^ lndu6Dce °f the oxygen at the presence of 
blood there may be j! 8Uggeated ’ therefore, that m the circulating 

concentration of mactiveTimoglo^ 10 ™’ & ° y ° llC Vamtl0D U ‘ 

very small VVhaT ™ ct * lairno f^°hm formation has been shown to be 

investigated It seems ^ ^haftfe^ 6 ° f ^ ™ ay b ° remams to ^ 
small to play any inmortan+ »? Cim ° ges m ox Jgen capaoity are too 
to the tissues But it t no roie m deoreasmg the supply of oxygen 
ments) that a small , een fou nd (author’s unpublished expen 

concentrations of sodium ° f met h® mo gtobin by appropriate 

measured by the “qin,,, > te mcreas ed the rate of oxygen release, 

exposed to N 2 or No + CO^ Wh° ™ etiod >” hom the r b c suspensions, 
methaemoglobm formal, nr. 1 , be r a similar effect would occur when 
mvestigated e velops spontaneously remains to be 
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LXTRACORBUSCCLAR METMM°GLOBffl FORKATION AND 

, ITS RELATION to the rate of oxygen release 

By G Fkgleb. 1 From the Department of Physiology .University 

of Edinburgh 

(Received for publication 13 th September 1043 ) 

INTRODUCTION 

Some of the author’s unpublished experiments earned out m connection 
with the investigation of the conditions influencing the rate of exchange 
of oxygen in blood m mtro [Fegler and Banister, 1946], suggested that 
the velocity of oxygen release from partially mao lva e a s 
sheep or ox red blood cefls was moreased in comparison with th 

normal cells , , „„„ 

In the present paper further experiments on similar hues are 

reported, the problem being extended to the 'mves^igaion ° 
relationship between the spontaneous inactivation (H orma 10 

and the release of oxygen from suspensions of horse red blood cells 


1 Partial Inactivation of Hjbmogiobin by Sobium Nitrite 
and the Release of Oxygen 

Methods 

Blood of three healthy horses used m these experiments was 
collected from the jugular vem Heparin B D H (1000 International 
units per 100 c c ) Berved as an anti- coagulant The suspensions o 
partially inactivated r b c were prepared in two different ways (1) to 
20 ml of the blood, 1-3 ml of 0 1-1 0 p c sodium nitrite solution in 
0 9 pc saline were added, the blood being carefully mixed with it, 
one to three minutes later the poisoned as well as a sample of normal 
blood was centrifuged, the plasma discarded and the process repeated, 
the r b o being washed m saline 2—5 times Then the normal (control) 
and the poisoned rbc were mixed with saline-phosphate buffer solution, 
pH 7 0-7 3 to make suspensions containing about 40 vol p c red blood 
cells These suspensions are marked in Table I as “NaN0 2 thoroughly 
or “insufficiently washed ” (2) A sample of the blood was centrifuged 

and the plasma discarded and replaced by saline-phosphate buffer 

1 In receipt of a personal grant from the Agricultural Research Council 
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The suspension was divided into t 

saline was added, to the other on! ™ p , ortlonB > to one of then, 
was a dded, to make a final eon V ° lume ° f 

suspensions are marked m Table ° f ^ “ g P ° The * 

samples were placed m flasks of 7 1 * NaN ° 2 Unwasied ” Then both 
4o minutes at room t« m w 1 dtre ca P acit y> aerated for at least 
flasks The hmmoglobm eonr!!?’ ^ CoUeoted mto small Erlenmeyer 
haematocnt value las deterf n^f (Wu ' Stadle CNMHb method) or 
to ensure equal conTtionf “ ^ 8am P ]es of r b c suspension. 

Samples f5 ml j of* f h 

exposed to N 2 or hi, + q_$ C ° n ffl and the poisoned suspensions were 
the technique described bvffLi ‘ f <<glass rod ” tonometer, using 
The time of expos^e anftt?^ BaiUSter ^ 

1 to 2 minutes and 1 0 °_q q° n temperature of the bath varied from 
percentage of desatnrni™ respectively After the exposure the 
oxygen content (Van SJvl. n deterQuned m respect of the initial 

° f °> reiM “ ™ cL^aSr'tt ” f 


a 


where 


rr 2 303 

K= ~T~ lo 8 10 • 

1 a- x 


a 100 p c saturation with 0, 
*=pc of 0 3 released, 

2 — time of exposure 


Tiie 

which had been aerated metb * mo k dodm m the poisoned suspension 
moreased dunng the 0011™!° t 7® pt at room temperature gradualh 
true of the suspension m n f ex P enm ent This was especially 
Smce the degree of desatu t S ° me ^ a -^0 2 was present m the medium 
calculated from the differefrfif f D & Sample exposed to mtrogen was 
found after the exposure it 6 ween tbe mitial 0 2 content and that 
determined simultaneouslv ilfh !f Se f tiaI tiat the initial 0 3 content via 
mcafly impossible, the mitml 0 on .° f ex P osure TJus being tecb 
several times m the course of tt, ntent iad therefore to be controlled 
value exactly corresponding to the t ^® n “ ent ' and tie correot initial 
from a curve drawn out of the u ° f ex P osure iad to be found 
experiments m which the “raitiaf” f-f 5 ° f tll6Se determinations -AH 
once before the exposure wero 1 , 2 cont ent was deternnned onb 

e S pe„ ffie „ ls mthTf ZZTrS^Z ’ “ d tie “ w 

at least 5 times washed after they were^f aCCepted m wiuch ceUs were 
The same procedure was adoutpr? f nT . n, S f e , , 

0 2 content m the control samples beca,!^ deterniinatlon of tho ialt “' 1 
tions showed that the hremoSob’m bef, man V Preliminary observe 
them although at a slower rate than in 11° graduad y inactivated m 
happened especially in cells 
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The results of experiments iyere corrected for the difference m 
volume p o r b o or hasmoglobm concentration which ocourred to a 
greater or lesser degree between the control and poisoned suspensions 
The correction was based on the straight-line relationship existing 
between the rate of 0 2 release and concentration of r h c or haemoglobin 
[Fegler and Banister, 1946] 


Results 

The results of this senes of expenments are given in Table I They 
are grouped according to the technique used as descnbed above 

An increase in the velocity coefficient of O a release from partially 
inactivated suspensions was found in all the expenments except one, 
in which some definite concentration of NaNO» was present m the 
suspension (NaN0 2 unwashed) or m which there had been insufficient 
washing and some NaN0 2 was probably left In all expenments m 
which cells were washed more completely (Group I) no difference m 
' the rate of 0 2 release was found between the control and poisoned 
suspension It may therefore be assumed that the rate of 0 2 release 
from poisoned suspensions is only increased when conditions are such 
that further inactivation of haemoglobin can occur during the exposure 
to N 2 or N 2 + CO a No increase in 0 2 release is found when the degree 
of inactivation of the hsemoglobhn is more or less steadily fixed as m the 
expenments on “NaN0 2 thoroughly washed cells ” In this case at 
pH 7 0 methsomoglobm is probably formed to an equal degree m both 
of the suspensions, control and poisoned, when exposed to N 2 or N 2 + C0 2 
[Fegler, 1948] In the case of suspensions whuoh contain some NaN0 2 
it is possible that the inactivation is increased during the period of 
deoxygenation to a greater extent than m the control suspensions 
This suggestion is supported by one experiment which was earned out 
for the purpose of finding out the relation between the extent of in- 
activation by NaN0 2 and the partial pressure of 0 2 to which a suspension 
is exposed The protocol of this experiment is given below 

Experiment 48 (Table II) Ox r b o aerated suspension (40 V p c 
r b c ) in saline-phosphate buffer pH 7 40 mixture Five ml samples 
of the suspension were treated as descnbed m Table II 

The partial pressure of 0 2 m the fifth sample (Table II) was roughly 
calculated from a determination of the degree of desaturation m an 
additional sample which was shaken m N 2 for 3 min utes It was found 
that 00 p c of the 0 2 had been released and 40 p c of it was left, which 
gave a point on a dissociation curve for ox blood at low percentage C0 2 
corresponding to about 20 mm pp O, 

In fig 1 the percentage decrease in O. capacity caused by NaNO. 
\\as plotted against the partial pressure of 0 2 , and an almost straight 
me vas obtained indicating a proportionality between the extent of 



26 4 


— ^ 5^1 

The suspension was divided ,n+„ + 

saline was added, to the other ! W ° P , ortlOM > to one of them 
was added, to make a finJ “ 6qUal VoJume of solution 

suspensions are marhedmTrK I «T Ce ° ^ tl0n ° f 4-8 P c * ^ 

samples were placed in flasks of i*? , umvasbed ” Then both 

45 minutes at room temporal * 1 , ca P acit 7> aerated for at least 
flasks The haemoglobin mnn ^j 6 ’ f D< ^ coPected mto small Erlemuever 
hasmatocnt value was detnr 60 10Q f^ u 'Stadie CNMHb method) o: 

to ensure equal conditions 011X16 111 ^°th samples of r b c suspenaoni 

SfliGlpIgg | \ q£ 

exposed to N a or hi, + (po C0D ^ and the poisoned suspensions were 
the technique described h^ 0 i " n a “g Jass rod” tonometer, usinj 
The tune of el!, 7 J egIer and Canister [1946] 

1 to 2 minutes and 16 °Lqc° ^ em P erature of the bath vaned from 
percentage of desaturat -respectively After the exposure the 

oxygen content (Van Slv^ vr^f deterrmn ed m respect of the initial 
velooity of 0~ release a ° , e , a PP ar atus), and the coefficient of the 
2 886 Waa calculated from the equation 

K- 2303 , a 

K ~ l0S 10 a ’ 

vhere a — 1 00 p c saturation with 0 
fP° °P O a released, *’ 

‘—time of exposure 

Tlie 

which had been aerated met J llS / no ^ obm m the poisoned suspension 
increased durmg the 000 ™° r !? pfc at 100111 temperature gradualJv 
true of the suspensions m wh,nh ae experiment This was espeoiallv 

Smce the degree of desatu t 8 ° me ^ a ^0 2 was present in the medium 
calculated from the d afferent & sam P le exposed to mtrogeu was 

found after the exposure etween the initial 0, content and that 

determined simultaneous! v with ®® Se f tlal tiiat the imtial 0 3 content va» 
mcally unpossible, the initial O ,° f ex Posure This being tech 

several times m the course of in ntent iad therefore to be controlled 
value exactly corresponding to the espennient ’ and the correct initial 
from a ourve drawn out of rLlrf 6 °/ exposure had to be found 
experiments in which the “initial ” n 3 ° f theSe de termmations Ad 
once before the exposure were discarded W3S deternnned " nl} 

experunents with one initial value were’ n ^ Te8ults of oaiy t I0 ^ 
at least 5 times washed after they were pois CCepted in wJuoh ceU! * " cre 

o, of the 

tions showed that the haemoglobin became^f P™ lm,aar y obsena 
them although at a slower rate than in in ^ ua inactivated in 
happened especially m cells suspended m a melumofpH^? 1 ^ ^ 
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Table H — Ext ent of Inactivation aeteb Exposure to Nj in b b c 
Suspensions Saturated with O s at Dhtebent Pabtiax. Pbessube 


f 

Treatment of the sample m the chamber of 
tho Von Slyke apparatus 

Capaoity for 
oxygen, 

V per cent 

Extent of m 
activation in 
per cent of 
capacity at 
(1) 

(1) 2 5 ml saline + 1 mL suspension shaken in 
oxygen for 10 minutes 

16 68 


(2) 2 5 ml salme + 1 ml suspension first shaken 
in nitrogen for 10 minutes and then m 
oxygen for 10 minutes 

16 51 

04 

(3) 2 0 ml saline + 1 ml suspension first shaken 
m oxygen for 10 minutes, then 0 5 ml 

0 2 per cent NaNO, solution was added 
and the shaking was carried out for a 
further 5 minutes 

16 94 

3 8 

(4) 2 0 ml saline + 1 ml suspension first shaken 
in air for 3 minutes then 0 5 ml 0 2 per 
cent NaNO, solution was added, 3 
minutes later air was exchanged for 
oxygen and the shaking was earned out 
for 10 minutes 

16 40 

7 1 

(5) 2 0 ml saline + 1 ml suspension first shaken 
m nitrogen for 3 minutes then 0 5 ml 

0 2 per cent NaNO, solution was added, 

3 minutes later nitrogen was exchanged 
for oxygen and the shaking was earned 
out for 10 minutes 

16 22 

82 



Fiq 1 Decrease m O, capacity in r b c suspension poisoned by XiiXOj and 
exposed to air, and 
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Results 

Table III contams the results of this senes of experiments 
In all expenments of this senes NaNOj caused an mcrease in the 
rate of O s release 

Fig 3, in which the percentage mcrease in the coefficients of velocity 
of 0 ; release are plotted against percentage decrease m 0 2 capacity 



Extent of inactivation in p c decrease m O, capacity 

^ IG 3 —Relation between the extent of inactivation produced by different 
ncentration of ^aM), acting on r b c suspensions during the exposure to N„ 
and the rate of O a release 

caused by HaHO., shows a very close relationship between these values 
It may he roughly calculated that the inactivation of about 1 5 p c 
of the total haemoglobin caused by NaNO s during the exposure to N. 
corresponds to about 10 p c mcrease m the rate of 0, release 


3 The Release of Oxygen feom Suspension of s b c 
Poisoned by Sodttoi Azide 

, J 11 j senes of as yet uncompleted experiments the author has found 
that sodium azide causes the formation of methaunoglobm This effect 
was first suspected when it was observed that aerated suspensions of 
i r=e rbc (pH 7 3-7 -4) to which HaN 3 was added (concentration about 
p c ) became dark after standing at room temperature for several 
noun, the darkening was distinctly enhanced at 37°-38° C , especially 
f 16 P ° lscmed sus pension was exposed to + CO, (5-6 p c ) at this 
temperature and then reaerated It was found that if the r b e of a 
suspension which had been poisoned and had been left to get dark were 
roughly washed m saline and then examined spectroscopically they 
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inactivation and the p n O 
tak |f P lace at a low partial pressure ofO^ ^ mactlvat,on 

h£emogl 0 bm°present m^the^ampJe'b^if etWeen tte am0Unt of ^activated 
rate of 0 2 release This 18 . ° r6 es P osure to nitrogen and the 

velocity of O, release from poison pr^ ^ evidence tiiat the increased 
formation of metheemoglobm d SUSpensions depends on a further 



— The Effect of Simultaneous ivtomm- 

- - Rate o^ZIb^ “ 

- Methods 

The techmque used in these a. 

blood was centrifuged, the plasma discard 3 i'™ 3 ^ follmva Tie l 10150 
P • r b o ) m salJe-phosph.te Zt P B $ < M * 

The suspension was then aerated at room 4 . mixture prepared 

of the saline-buffer mnrturo teas deduced mtof-??"’ ““ ° 5 

followed by 5 ml of the suspension This was e n S l & u > T', toDomoter 
38° C and the initial 0 2 capacity at thu ten,*, ’ ^^brated with air at 

The same procedure was repeated with the tonometer mie'cT t J.? ter J Uncd 

and contaimng 0 5 ml of the saline-buffer mature or 0 5 n ,! f‘ “fT" 
with NaNO, or 0 5 ml of a solution 

At the end of the 1 -minute exposure period two i m i , 

town out into a double-container O.twald pipette, and thTdtmoTf 
lesaturation and the cap.oitj for oxygen (Sendroy’s method! Tore 
umultaneously determined in two separate Van Sfyke apparatus 
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showed a typical spectrum with an absorption band at 620-630 p. 
The shadow disappeared after the addition of cyanide solution It was 
concluded that a dissociable azide-metiuemoglobm compound described 
by Keihn [1937] was formed in r b c suspensions poisoned by sodium 
azide In control suspensions at this pH (7 3-7 4) no appreciable 
niethfflinoglobin formation was observed even if they had been exposed 
to air at room temperature for several hours NaN 3 therefore causes 
the formation of methsemoglobin m conditions m which the spontaneous 
formation of it is so slow that it could not be measured As far as it is 
known to the author, no such previous observation is available It was 
known, however, that sodium azide does not react with oxyhmmoglobm 
nor with haemoglobin An indirect effect, possibly through a formation 
of a methsemoglobm-azide compound resistant to the reduction, or an 
inhibition of the enzymatic mechanism of methaemoglobin reduction, 
may therefore be assumed 


In several experiments the formation of HN 3 MHb was quantitatively 
determined in r b c suspensions (pH 7 3-7 4) exposed for different 
penods of time to H a + 6-6 p c C0 2 The determmations of the degree 
of inactivation of haemoglobin were made in one experiment gaso- 
metnoally and in five experiments photometrically (Pulfnch’s photo- 
meter, S61 filter) The photometric determinations were based on the 
above-mentioned observation that aerated suspensions containing 
HN 3 MHb become darker than the control suspensions The difference 
m coefficients of extmction were measured (Pulfrich’s photometer) 
before (K x ) and after (K 2 ) addition of a drop of the 4 p c K 3 Fe(CN) 6 
solution to a tested solution of Hb0 2 prepared from a suspension poisoned 
by NaNj (0 3 pc — final concentration) by dilution of 0 4 ml of the 


suspension in 10 ml of M/60 pH 6 5 phosphate buffer solution The 
nerence between K 2 and K 1; maximal when no methaemoglobin was 
present, became smaller proportionally to the concentration of HN 3 MHb 
m Pulfrich photometer was accordingly calibrated The maximal 
erence (100 p c HN 3 MHb-100 p c Hb0 2 ) proved to be large enough 
(approximately 0 600, depending upon the concentration of the total 
P'gment) to ensure sufficient sensitivity of the method 
rg 4 gives the results of these experiments 

ne curve 1, fig 4 ; drawn out from the mean figures when compared 
CUrve w bich represents a U-shaped curve usually obtainable 
th i 6 8ame con ditions m control experiments [Fegler, 1948], indicates 
00 ° formation of HH 3 MHb m relation to the time of exposure to 
2 “ 18 Urun terrupted by the reduction process 

of 0 C ? nneo * lon '"nth this observation m six experiments the velocity 
eg 8 re ^ ease from suspensions poisoned by NaN 3 (concentration about 
c ' was determined m comparison with the release of 0 2 m the 
nf con [ktions (exposure to N 2 + 4 6-8 p c CO.) from the suspensions 

°fuorm a lcel 1 s(pH = 7 3-7 4) 

v OL XXXIV, NO 3-1048 


IS 
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Tlie relation between the increase in the rate of 0 2 release and extent 
of inactivation is therefore more complicated in this series of experiments 
than m “NuNOo” experiments 


Table IV— The Rate of 0, Release from tiie Normal and Poisoned by 
NaN, (Conc 0 3 o Per Cent ) Suspensions of Horse r b o Exposed 
to N, + 4 6 - 8 Per Cent CO* at 38° C 


Expt 

No 

Normal suspension 
Coefficient of 0, 
release velocity, 

K c 

Poisoned suspension 
Coefficient of O, 
releaso velocity, 

K„ 

KJK C 

Remarks 

185 

0 2250 

0 2042 

1 170 

Exposed to 

N, + 6 p c CO, 

207 

tH 

CO 

<“1 

o 

0 2023 

1 200 

Exposed to 

Nj + 6pc CO t 

314 

0 2319 

0 2618 

1 128 

Exposed to 

N, +4 5p c CO, 

315 

0 1852 

0 2083 

1 124 

*» 

318 

0 2784 

0 3372 

1 210 

Exposed to 

N, + 8 p o CO, 

319 

0 2637 

0 3436 

1 303 

»» 


At present it may be concluded that although the meohamsm of 
methsemoglobin formation by NaN0 2 is most probably entirely different 
from the action of NaN 3 , both of these factors morease the rate of de- 
oxygenation This would support the suggestion that the formation 
of methsemoglobin, however it is brought about, is directly related to 
the increased rate of deoxygenation 


4 Influence of Carbon Dioxide on the Formation of 
Methsmoglobin and on the Velocity of 0 2 Release 

It has been found previously [Fegler, 1948] that methsemoglobin is 
formed m r b o suspensions (pH' 7 3-7 4) exposed for a relatively short 
time to mixtures of carbon dioxide with nitrogen, air, or oxygen The 
experiments described below were performed to find out if there is any 
relationship between the extent of methsemoglobin formation caused by 
carbon dioxide and the rate of 0 2 release from the suspensions exposed 
to Nj + COj The degree of deoxygenation reached after a 5-ml 
sample of the suspension (pH 7 3-7 4) had been exposed to N 2 , with 
addition of C0 2 under partial pressure of 32-02 mm Hg, for 30 seconds, 
was determined gosometncally using the technique described m this 
paper, and the methsemoglobin formation was estimated photometrically 
m Pulfnch’s photometer [Fegler, 1948] 
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Results of these experiments are given m Table IV, m all of them 
an increase was found (13-30 p c ) m the rate of 0. release from poisoned 
suspensions 

More experiments are required to find out if the relation between the 



Fig 4 “(1) The formation of metlncmoglobin in rbo suspensions poumncd 
b} JfaNj (6 experiments) and (2) in normal r b c suspensions (2 experiments) 
exposed for different periods of timo to N, +6-0 p o COj at 38 J C 

increase m the rate of O. release and the extent of inactivation caused 
by NaN 3 is similar to that found m “NaNO a ” experiments In all 
experiments with NaN 3 the poisoned suspensions as well as control 
suspensions were exposed to nitrogen with addition of different con 
centrations of CO. A variable degree of methamioglobin formation 
therefore had to be expected also in control suspensions [Felgcr, 1 9 IS, 
see also fig 4 in this paper] 
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Table V gives the results of these experiments In all of tljem an 
increase in the rate of 0 2 release caused by exposure to two different 
concentrations of C0 2 corresponded to certain formations of methcemo- 
glo m In fig 5 , concentrations of methaamoglobin representing the 
relative rate of its formation under the influence of carbon dioxide 



Fio 3 — Relation betweon tho extent of mottncmoglobin formation after 
30 seconds of exposure to If, + CO, (32 and 01 mm Hg p p CO,) at 38 s C and the 
percontago increoso m tho rate of 0, release calculated against tho ruto of 0 
release from r b o suspensions exposed to nitrogen only Results of 3 different 
experiments takon from Toblo V x = moon figums 

are plotted against the percentage increase m tho velocity of 0, release 
calculated m respect of the rate of 0. release from tho suspensions 
exposed to only 

The figure shows a close relationship botueen tho two \alues similar 
to that found in “NaNO*” experiments 

Since it was found in the previous experiments [Feglcr, 1048] that 
methcemoglobm is formed m the completely oxygenated suspensions 
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0 2 release Tins consideration leads to a furthei suggestion that the 
well-known effect of carbon dioxide on the release of oxygen might 
be partially an effeot of metluomoglobin formation Moie direct 
evidence is required to give full support to this suggestion 

These considerations are apphcable to the conditions of the slow 
method of determination of the velocity of 0 2 release used in our 
experiments The mechanism of the increase m 0 2 release is m our 
experiments most probably connected with the change in conditions 
influencing the diffusion of the oxygen from the liquid into the gas 
phase The concentration of r b c and koemoglobm, and the tempera- 
ture of exposure, were equal m the control and exposed to N 2 + C0 2 
(or poisoned by NaN0 2 and NaN 3 ) samples It is probable, therefore, 
that an mcrease in 0 2 tension in the liquid phase, caused by the release 
of an additional volume of oxygen during the methtemoglobin formation, 
may be the mam cause of the increased late of 0 2 diffusion into the gas 
phase The only important difference between the conditions m the 
control and those exposed to N 2 + CO s suspensions, is that the C0 2 
absorption should rather work in the opposite direction to the described 
effect, since C0 2 is known to morease the viscosity of a suspension of 
r b c m plasma or in other medium 

Darling and Roughton [1942] determined the dissociation of 
oxyhemoglobin in ox, dog, and human r b c suspensions in which a 
different degree of inactivation was obtained by the formation of 
methsemoglobm 

The dissociation curve was shifted to the left m the suspension 
which contained methsemoglobm, indicating an mcrease m the affinity 
of hemoglobin for oxygen These findings were confirmed by Lester 
and Greenberg [1944] 

In view of the results of our experiments, it seems reasonable to 
suggest that the phenomenon discovered by Darling and Roughton is 
connected with the presence of a relatively fixed concentration of 
methsemoglobm m their suspensions Their conditions of experiment 
are, therefore, not comparable with the conditions of our experiments, 
m which the concentration of methsemoglobm undergoes ohanges during 
the process of deoxygenation 


Summary 

1 The relative rate of O a release from horse r b c suspensions 
(pH 7 0-7 4) measured with a slow reaction method was investigated in 
relation to the methsemoglobm formation 

2 A straight-line relationship was found between the relative rate 
o metktemoglobm formation, by sodium nitrite and the increase m the 
rate of 0 2 release 
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provided the pH was decreased (exposure to air + CO. or O.-CO.), 
it seems justifiable to suggest that m the relationship established in 
the above-described experiments the relative rate of methcemoglobin 
formation might he a primary factor leading to the mcreased 0. release 

Discussion 

The results of the experiments described m this paper show that 
when a suspension of horse r b c is exposed to nitrogen m the presence 
of a small concentration of sodium nitnte, the resulting degree of 
deoxygenation is higher than in a control suspension treated in exnctl) 
the same way and in the same conditions On the other hand, no 
difference in the rate of deoxygenation occurs when poisoned cells 
have been thoroughly washed, thus fixing the concentration of in 
activated haemoglobin during the exposure It may therefore be 
accepted that the process of methsamoglobin formation is responsible 
for the mcrease m rate of 0 2 release, and that the fixed amount of 
methaemoglobin in the sample is not important It might be argued 
that methaemoglobin formed by NaNO. is only a by-product of a direct 
reaction between NaNO. and O.Hb at which oxygen is released, and 
that the sodium mtnte and not the inactivation is a responsible factor 
m the observed phenomena This may be true for the case of NnNO, 
action, but it seems more complicated and less understandable m the 
case of actions of hfaN 3 and CO. Although NaN 3 does not react 
directly with haemoglobin, it also causes an mcrease m the rato of 
deoxygenation It is most probable that in this case the methienio 
globm formation is a spontaneous process, and the NnN 3 is only respou 
sible for preventing the reduction of the preformed methremoglobm 

There is no evidence that the higher degree of deoxygonation in 
NaN 3 poisoned suspension exposed to nitrogen is duo to the consump- 
tion of oxygen, so it seems to be of some interest that the reactions 
leading to the formation of nrethtemoglobm m this case, though different 
from the reactions of NaNO. with haemoglobin, produco a similar effect 
as regards the rate of 0. release 

The experiments with the exposure ofrbc suspensions to N_ - CO 
in which a spontaneous formation of methaemoglobin is caused bv CO 
have revealed, similarly to “NaNO.” experiments, a close inter- 
dependence between the extent of methaemoglobin formation and the 
increase in the rate of 0. release Carbon dioxide is the main factor 
which produces intracorpuscular spontaneous methaemoglobin forma 
tion in the conditions of our experiments This process is not pre\ ented 
even by complete saturation of tho suspension with oxygen [Fegler 
194S1 It may therefore bo suggested that in tho above-mentioned 
relationship the relative rate of tho spontaneous mcthamoglobin 
formation is a primary factor leading to an increuso in the rite of 



SOME EFFECTS OF AN ACUTE TOXIC SUBSTANCE FORMED 
BY SOLUTION OF METHYL-BIS (B-CHLOROETHYL) 
AMINE IN WATER AFTER INJECTION IN ANIMALS 
By Geobge L Foss From the Chemical Defence Experi- 
mental Station, Porton, Wilts 

{Received for publication 10th September 1048 ) 

The effect of the nitrogen mustard — methyl-bis (B-ohloroethyl) amine — 
on the skin, by mouth, by inhalation, or by injection in smtable solvents, 
in animals has been described by Cameron [1943], Cameron, Courtice, 
and Jones [1947], and a general survey of its biological actions has been 
recently published by Gilman and Philips [1946] Briefly, anorexia, 
vomiting, sahvation, blood-stained diarrhoea, reduction m plasma 
volume, hssmo-concentration, progressive loss of body -weight, peripheral 
circulatory failure, and death are the usual course of events Smaller 
non-lethal doses produce in addition severe damage to the bone-marrow, 
reflected m the peripheral blood by lymphopema, granulocytopenia, 
thrombocytopenia, and moderate ansemia 

Similarly, the hydrochloride of methyl-bis (B-ohloroethyl) amine 
either by mouth or injection m animals has the same toxio effects 
[Cameron, 1943, Houck, Crawford, Bannon, and Smith, 1947] During 
the early work on this substance it was found to be soluble to the extent 
°f 1 g in 100 c c of water, and this solution was used for injection 
It was apparent, however, that some ohemieal change occurred after 
48 hours m solution as a new acute toxic action was produced when it 
was injected into animals Boyland [1946] has described this altered 
toxicity in mice 

Unlike mustard gas, which becomes non-toxic on standing m water, 
methyl-bis (B-chloroethyl) amine has been shown by Hanby, Hartley, 
Powell, and Rydon [1947] firstly to form reaction products including 
ethylenimomum compounds, and other reactions lead to the formation 
of dimers, hydroxy-ethylohloroethylamines and diethanolamines A 
number of these products have been isolated [Hanby and Rydon, 1947] 
The dimer was found to be non-toxic, and Boyland [1946] thinks that 
the acutely toxic agent is probably the methyl hydroxyethyl ethyl- 
emmonium chloride — a quaternary base 

The hydrochloride of methyl-bis (B-ohloroethyl) amine under smtable 
conditions of pH will also form the toxic substance on solution m water 
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3 A close relationship was also found between the increase m the 
rate of 0, release and the relative rate of the spontaneous methEemo 
globm formation caused by exposure of the r b c suspensions to N. +C0. 
gas mixtures 

4 A methsemoglobin formation uninterrupted by the reduction 
develops m the suspensions poisoned by sodium azide The phenomenon 
is probably caused by a combination between sodium azide and spontane 
ously formed metbsemoglobm [Keilin], this compound being resistant 
to the mtracorpuscular enzymatic reduction of the preformed methiemo 
globm Sodium azide also causes an increase m the rate of 0 2 release 
from r b c suspensions 

5 A suggestion is forwarded of a possible part played by the 
spontaneous metbsemoglobm formation as a factor promoting de 
oxygenation 
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different species after suboutaneous injection, divided into these threo 
categories However, the number of animals used was too small to 
obtain more than a rough estimate of the minimal lethal dose 

Of the long-legged animals, observation of 8 cats and a study of a 
cine film gave a general picture of the sequence of events After a 
sublethal dose of 4 mg /kg s c the onset of restlessness and gradual 
hypotonia was seen within fifteen minutes The anti-gravity muscles 
were most obviously affected, notably those of the neck, back, and 
forehmbs, with consequent ataxia In association with thiB weakness 
of the neck-muscles there was marked tremor on movement, and 
hypermetna was seen in the forehmbs Paresis increased untd progres- 
sion was impossible, but even then passive movements were feebly 


Table 


Species 

Number of 
animals 

A 

B 

C 

Dog 

2 

2 mg /kg 



Cat 

8 

10 mg /kg 

1-4 mg /kg 


Horae 

SBllipf:’ 


2 mg /kg 

6 mg /kg 

Monkey 



5 mg /kg 

8 mg /kg 

Goat 


10-15 mg /kg 



Rabbit 


15-25 mg /kg 

5 mg /kg 

10-15 mg /kg 

Guinea pig 

4 


10 mg /kg 


Rat 

6 


20 mg /kg 



resisted After 60 minutes paralysis was almost complete even to the 
extent of ophthalmoplegia, but the pinna reflex and knee-jerk were 
never lost Gradually muscle power returned, and in 3 hours the 
animals’ movements and co-ordination were normal and recovery was 
uneventful 

With larger doses of 10 mg /kg s c the flaccid stage was moie 
quickly reached, respiration failed, and death occurred with final 
convulsions In such cases the heart continued beating for a few 
minutes, and artificial respiration prolonged this for some time At 
the stage of complete ophthalmoplegia reflection of light on to the 
dilated pupd caused blinking of the eyelids, and corneal and conjunctival 
reflexes were present 

Decerebrated Cats (8 Preparations) — Doses of 10 mg /kg 1 v and 
over reduced the rigidity, but extensor tone was not abolished The 
recorded knee-jerk was not significantly impaired Respiration was at 
first stimulated, becoming deeper and faster, and then faded 

Spinal Cats One preparation was arranged to record a graphic 
racing of the knee-jerks After injection of 20 mg /kg l v there was 
no e ect on this reflex within an hour In two preparations the 
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This solution of nitrogen mustard m water is heat stabile, and onlv 
has the acute toxic effects when injected subcutaneously or intravenously 
m annuals When given by mouth m doses several times larger than 
those which cause acute neurological symptoms by injections, animal* 
die from the effects of the mtrogen mustard chiefly on the gastro 
intestinal tract [Boyland, Foss, and Waters, 1942, Boyland, 1940] 
This paper describes this acute toxic action, and it is felt that with 
the wider use of methyl-bis (B-chloroethyl) anune m man for Hodgkins 
disease and carcinoma of the bronchus [Goodman el al , 1946, Jacobson 
et al , 1946, Rhoads, 1946, Ap Thomas and Collumbine, 1947^), it* 
publication now is opportune 


AIateeial axd Methods 

As at the time that these experiments were conducted the nature 
of the acute toxic agent was not known precisely, the doses referred tc 
in this paper are those of pure methyl-bis (B-chloroethyl) annne (hi 
solved in distilled water m 1 per cent solution for over 48 hours at room 
temperature 

Eight species of animals were studied — rats, rabbits, guinea pig', 
goats, dogs, cats, a horse, and monkeys ( Macacus rhesus) Autopsies 
were conducted on all animals that died Cats were used for a fuller 
analysis, and decerebrated and spinal preparations were also studie 
The sequence of events was filmed m a dog, cat, goat, horse, and monkey 
for more leisured observation 


Results 

As in tho experiments on mice desonbed by Boyland [1940], tho 
general effect m all species was neurotoxic, consisting of partial parabsi* 
combined with muscular inco-ordination and kinetic tremor lue 
effect varied slightly m the different species and the time of onset, 
and recovery or death depended on the dose mjeoted 

In general, the effect of different doses by subcutaneous injection 
can be divided into three categories 

A Acute neurotoxic symptoms progressing to death from respirator; 
fadure within a few hours 

B Acute neurotoxic symptoms followed by recovery within 1 to 
hours without sequel® 

C Acute neurotoxic symptoms followed by apparent recoecn m a 
few hours, but with a fatal termination within 1-6 days from 
effects of systemic mtrogen mustard poisoning 
The follow ing table gives a general comparison of doses in the 
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dilated pupil caused blinking without any alteration of its size — 
presumably a reflex via the Vllth nervo 

The motor branch of the Vth nerve may bo partially affected, as 
the lower jaw tended to sag quite early 

Conduction m the Vllth nerve was not obviously disturbed, as the 
corneal and conjunctival reflexes were retained 

Auditory acuity was apparently unimpaired, as long ns consciousness 
persisted Similarly conduction m nerves IX, X, XI, XII was not 
materially upset, as swallowing and tongue movements remained 
normal. 

Respiration, as noticed m the horse and dog particularly, was 
initially stimulated, but finally faded Consciousness was not lost 
untd just before respiration faded 

It seems reasonable, in cats, to exclude a peripheral motor paresis, 
even after doses 20-100 times greater than those which caused flaccidity, 
as there was never complete loss of deep or superficial reflexes, and in 
the spinal and decerebrated preparations there was no apparent loss of 
neuromuscular conduction by the peripheral nerve However, the 
possibility of reduced conduction through the synapses of the reflex 
arc in the spinal animal was not excluded 

It was thought that the effect was not unlike that of curare, but this 
was not substantiated on comparison with this drug Further, pro- 
stigmme had no beneficial effect m the rabbit 

Although, in the decerebrated cat, extensor rigidity was lessened by 
large doses, extensor tone was never abolished, and the preparation did 
not revert to the spmal type, as it did by simple section of the cord or 
after injection of ohloralose Thus impulses from the level of Deiter’s 
nucleus and the cerebellum were not entirely blocked 

On human analogy these effects suggested a cerebellar action, but 
decerebellation m the cat or dog produces an accentuation of action of all 
the anti-gravity muscles — a probable release phenomenon 

The predominance of hypotonia contradicts this and suggests a 
lower motor neurone effect, which however is incomplete and the mam 
site of action may be on the anterior horn cells The mco-ordmation 
and tremor, so evident m all species, can probably be explained by the 
hypotonia The absence of decisive experiments made it impossible to 
postulate the actual mode and site of action, and crucial experiments 
to settle the point could not be undertaken at the time that these 
observations were made 


Stuoiaby 

Water contaminated with nitrogen mustard — methyl-bis (B- 

chloroethyl) amine — was found to contain a heat stabde acutely toxic 
substance. nrobnbW n i , , 
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Foss 

after 50 mg /kg°i nervewas stimulat ed directly, but even 

whereas mT r T, 6 6 Was no effect on neuromuscular conduction, 
perman tW * of 2 mg /kg lr curare produced immediate and 
permanent loss of response to stimulation of this nerve 

In thciRr ^ a , eS 5 were performed on all animals that succumbed 

but tli ArA a 6 0m res P iratory failure the lungs were congested, 

contl^ “ dema ° r P Ie effusion The pericardium usual* 

were semi t a 6 f ^ m d, and subendocardial petechial hiemorrhages 

dark nnd +i 6 , ^ ln tbe ven tncle The spleen m dogs was small and 

blood -stn n a and kldne y B C0D gested The pentoneum contnmed 

hmmorrl 1116 *7, ’ and S 11 ^ was congested with a few scattered 

haemorrhages m the jejunum and ileum 

later ^ recovere d from the acute neurological symptoms and 
tmn aif a } out J he 6t * day after diarrhoea and salivation, dehydra 
n f , conai era e loss of weight, the pathological findings were those 
of mtrogen mustard poisoning [Cameron, 1943] 

miisi.7r i Ministration of large doses of 1 per cent solution of mtrogen 
bv cfnn n i, 7 7 wei &k m £ 3 175 kg was given this solution 100 nig/Ig 
develnn Tu 7 6 ^ klowed no signs of the neurotoxic effeot, but 

free ^ &1T ° 3a anc ^ vomi ^ m g m 30 minutes and died on the 19th daj 

from systemic mtrogen mustard poisoning 

11111 ai ^ fcwo 8°ats were given 100 mg /kg by stomach tube without 

any neurotomo symptoms One died after 27 hours and the other after 
a 6 Pathological lesions of mtrogen mustard poisoning 


Discussion 

e rP' 0 P rcdom,nant effeot observed m mtact ammals after mjection 
o oxic solution was rapid and progressive musoidar hypotonia, 

u even in a flaccid condition the activity of the reflexes w as maintained 
until just before death Associated with this hypotonia was consider 
able muscular mco-ordination and kinetic tremor 

This loss of motor power was well marked in all ammals, with 
consequent disturbance of postural reflexes and extensor tone, best 
seen m the long-legged ammals Even m advanced stages of hypotonia, 
however, some degree of resistance to passive movement was rotamed, 
and weak purposive and volitional movements were evident until just 
before death 

In addition there were disturbances of muscles supplied by the 
cranial nerves Ophthalmoplegia was seen especially with the bigger 
doses at an advanced stage of muscular hypotonia The Illrd nerve 
palsy was complete except that ptosis was not seen m the cat or dog 
whereas it was observed m the horse, monkey, and rabbit Conduction 
m the Ilnd nerve was not apparently affected, as light shone on the 


PULMONARY VASOMOTOR FIBRES IN THE SYMPATHETIC 
CHAIN AND ITS ASSOCIATED GANGLIA IN THE DOG 
By I de Burgh Daly, Helen Duke, Catherine 0 Hebb, and 
Josephine Weather all 1 From the Physiology Department, 
University of Edinburgh, and the Agricultural Research Council, 
Institute of Animal Physiology, Cambridge 

(Rtctntd for publication 4 th August 1048 } 

Sympathetic pulmonary vasomotor fibres most probably issue from 
spinal segments T a -T 7 [Bradford and Dean, 1889, 1894, Fran 90 is- 
Pranck, 1895 a, 1896 6, Plumier, 1904, 1906] The further course of 
these fibres has in the past been investigated in isolated perfused lungs, 
because it is necessary to eliminate cardiac effects -which result from 
stimulation of the cardiac nerves accompanying the pulmonary vaso- 
motor nerves In such preparations both constrictor and dilator 
responses of the pulmonary vascular bed have been obtained An 
analysis of these experiments is to be found m the reviews by Daly 
[1933, 1936], m which full references are given The vasomotor responses 
to stimulation of the pulmonary nerves m isolated perfused lungs are 
weak and transient, but may be improved by simultaneous perfusion of 
the bronchial circulation which maintains their blood-supply m their 
intrapulmonary course and m the region of the lung hilus A further 
investigation of pulmonary vasomotor nerve activity has now been 
earned out using the perfused living animal (P L A ) preparation 
desonbed by Daly, Elsden, Hebb, Ludany, and Petrovskaia [1942] 
Our object has been to study the effects produced on the pulmonary 
vascular bed by stimulation of the sympathetic chain, the ansa subclavia, 
the stellate ganglion (St G ) and its branches, the middle cervical 
ganglion (M C G ) and its caudal branches, and the thoracic vaso- 
sympathetic nerves (TVS) In confirmation of others, pulmonary 
vasomotor fibres have been demonstrated in all these nerves, and m 
addition cell stations for fibres m the upper thoraoic sympathetic ohain 
have been discovered in the St G and M C G The fine sympathetic 
fibres which issue from the chain at levels T.-Tj and proceed medially 
to the lung lulus [Ionesou and Enachescu, 1928] have not been 
examined 

1 Holding a Training Grant from the Medical Research Council 
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Some Effects of an Acute Toxic Substance 

When injected subcutaneously into experimental a nimals an acute 
neurotoxic syndrome was observed The essential features of this 
were rapidly progressive muscular hypotonia, ineo ordination and 
tremor, followed later by ophthalmoplegia and finally paralysis of 
respiration 

Ingestion of this solution did not produce t his picture at all, but 
on the contrary was followed more gradually by symptoms of systemic 
nitrogen mustard poiso nin g 

With smaller toxic doses complete recovery sometimes occurred 
after exhibition of hypotonia for some hours, but sometimes death 
occurred several days later, again" from systemic mtrogen mustard 
poisoning 

Erom admittedly incomplete evidence it is suggested that the action 
of this interesting poison may be on the anterior horn cells 

I am indebted to Professors Lovatt Evans, Gaddum, Cameron, 
Boyland, and Liddell for their advice, and to the Chief Soientrfio Oflicer, 
Ministry of Supply, for permission to publish 
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being m contact with surrounding tissues, so that it was not possible 
to stimulate any structure other than the nerve under test In effect 
the nerves and electrodes were airborne When this was impracticable, 
the nerves and electrodes were shielded from the surrounding tissues by 
a rubber sheet and cotton-wool If current spread occurred, it was 
readily recognised by spasmodic contractions of the thoracic muscles 
When rib movements were being recorded, these contractions caused a 
marked and abrupt displacement of the recording lever which lasted 
for the duration of the stimulus, and the tidal-air tracing also showed a 
sharp displacement due to mechanical pressure on the lungs Such 
effects could he eliminated by reorientation of the electrodes Experi- 
ments will he described demonstrating that current spread, even when 
deliberately introduced by excitation of muscle adjacent to the 
pulmonary nerve-fibres, could not of itself elicit pulmonary vasoular 
responses 

In earlier experiments various types of shielded electrodes were 
used They were difficult to apply m the confined space avadable 
without damage to the lungs or to the nerve itself We discarded their 
use in favour of the method described above 

In some experiments in wbicb the rami commumcantes and the 
vertebral nerves were intact, we obtained some evidence of reflex 
respiratory effects following stimulation of the sympathetic chain and 
stellate ganglia, but such effects were absent when the rami were cut 
This is in agreement with the observation of others that the upper 
thoracic sympathetic nerves contain sensory fibres which exert a control 
over the respiratory rhythm [Craigie, 1921, Cromer, Ivy, and Young, 
1933, Fegler, 1933} We performed no experiments to trace the origin 
and course of these fibres 

As a rule we had no difficulty m distinguishing reflex phenomena 
from the effects of current spread In contradistinction to the abrupt 
displacement of the lever recording nb movements due to current spread, 
nb movements of reflex origin were refleoted as slight or moderate 
changes in frequency and amphtude of the lever We regarded such 
changes as of reflex origin only if they appeared as a result of stimulating 
the chain when both the nerve and electrodes were airborne 

Excitation of the sympathetic chain or stellate ganglia was not 
followed by significant changes m the tidal air, so we assumed that in 
these conditions broncho motor responses did not cause passive effects 
on the pulmonary vascular bed Even so, some preparations were kept 
fully atropmised by the repeated addition of atropine sulphate to the 
blood (2—8 mg m 2— 4 litres of blood) In these the effects of stimulation 
were not significantly different from those obtained m non-atropuused 
preparations On the other hand, stimulation of the MC6 and 
I V b nerves often caused bronchoconstnction, and this necessitated 
atropimsation of the preparation 
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were recorded^ delSfbeTm ' thi^ "T prepared 111(1 the response, 
a few experiments thJ i » gmal P a P er [Daly e< a/, 1942] In 

and Duke [1948] was used 11112 perfu810n metilod devised by Dali 

as the perfusatff nments horse blood instead of do g blood was employed 

-d no difference m the 



of Nenes -We used a CP Palmer (London) Ltd 
mdu io cod with 4 volts in the primary circuit, or a Ritchie (1944) 

Z\ZZt r m 7 1U0h , the V0lta « e ’ duratl0 »’ aild frequenci 

of the current are under independent control 

g u F0I 'i “T' tlie sympathetic cham nas sectioned between the 
3rd and 4th or between the 4th and 5th thoracic ganglia, while some or 
all of the rami commumcantes cephalad to the section were divided 
Platinum wire electrodes were placed on the mterganglmmc portion 
immediately cephalad to the section (fig l) The freed length of clia.n 
could be prepared without major disturbance to the lungs In some 
experiments the vertebral nerves and tho rami connecting the St & 
with the lower cervical nerves were also divided Both phrenic nerve, 
vv ere either cut or crushed 

The electrodes were usually applied to the nerves without their 
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the PL A originally described by Daly et al [1942] and depicted in 
fig 2 of that paper 

An artificial circulation was set up to test the accuracy of these 
lecorders, consisting of “systemic” and “pulmonary Dale-Schuster 
pumps connected by rubber tubing to external circuits, the resistances 
of which gave inflow pressures of approximately 120 mm Hg and 
25 cm H.O respectively with each pump dehvenng 120 c c H 2 0 pei 


PA Overflow LAOutflow 

Recorder Recorder 



Pump 



i ig 2 — a Diagram of apparatus used for measuring blood flow changes to and 
from the lungs 

b Records of apparatus test Half natural size For explanation see text 


minute In addition, the change m blood-volume of the reservoir 
(L A res ) into which the “LA outflow” emptied was recorded 

Pig 2, b, represents the results of one test Each excursion of the 
pulmonary overflow and “LA ” outflow recorders represents the 
flow during a period of four seconds The tracing shows that a 
temporary constriction of the “pulmonary arterial” tubing increases 
the pulmonary ’ overflow by 28 c c per minute and produces a 
corresponding reduction in the “LA” outflow The volume of the 
L A reservoir is reduced at the approximate rate of 14 c c in half 
a minute, which is the expected rate of change With few 'exceptions 
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Cooling of Nerves In order to reduce then: conductivity, nerves 
were sometimes placed in contact with a glass tube through which 
there was continuous flow of iced salt solution Water at 40° C was 

passe through the tube to bring the nerves back to normal tem 
perature 

Recording of Pulmonary Vascular Responses — Two methods for 
measuring the pulmonary vascular responses to nerve stimulation were 
use In the first, the lungs were perfused at constant blood tnfloic 
an the pulmonary arterial pressure was recorded In the second, the 
ungs were perfused at a constant pressure, and changes m the blood inflow 
to the lungs as well as the total pulmonary outflow were recorded by a 
modification of the method used by Alcook, Berry, and Daly [1935] 
The arrangement of the apparatus used m the second method is diagram 
matically represented in fig 2, a The output side of the pulmonnrj 
pump is connected to the pulmonary artery (P A ) and to a vertical 
tube (a), the upper end of which terminates in a funnel 3 0 cm at its 
greatest diameter The blood output of the pump is adjusted so that 
during perfusion of the lungs blood spills over the sides of the funnel 
and passes down the wide bore tube (6), to be returned to the blood 
reservoir (R A res ) from whioh the pulmonary pump draw's blood. 
The height of the funnel is set 25—30 cm above the lungs The amount 
of blood spiffing over is measured with a device described by Gnddum 
[1929] An electromagnet (1) is operated by a circuit which is inter 
mittently made and broken by contacts on a rotating disc fixed to the 
shaft of a synchronous electric motor The current flows for a period 
of four seconds and during that time operates the lever (l) so that the 
thin rubber tube (x) is closed The blood overflowing down b then 
rises towards the glass bulb (B), and after reaching the horizontal level 
of b starts to move the piston of the P A overflow recorder At the end 
of four seconds the circuit is broken and the lever released The blood 
m the glass bulb then empties into the reservoir, and the piston returns 
to the base line The release period occupies three and one-half seconds 
In practice the pulmonary pump is usually set so that the pulmonarj 
overflow reaches about half-way up to the glass bulb B An increased 
vascular resistance to blood inflow and thus a diminished blood inflow 
will be shown by an increase in the height of the excursions of the 
recorder The recorder measures changes in blood inflow to the lungs 
at a constant P A p It does not measure total blood inflow 

The minute volume outflow of blood is obtained by inserting a thin 
rubber tube (y) m the connexions which carry away the blood from the 
left auricle (L.A ) Tins too is intermittently closed and opened b} an 
electromagnet (2), and the blood entering the glass bulb during a period 
of five seconds is measured by a second piston recorder In tins ease 
the blood is returned to the left auricle reservoir (L A res ) Thtae 
recording devices are conveniently inserted into the perfusion system of 
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the PL A originally described by Daly et al [1942] and depicted in 
fig 2 of that paper 

An artificial circulation was set up to test the accuraoy of these 
recorders, consisting of “systemic” and “pulmonary” Dale-Schuster 
pumps connected by rubber tubing to external circuits, the resistances 
of which gave infl ow pressures of approximately 120 mm Hg and 
25 cm H.O respectively with each pump delivering 120 o o H a O pei 


PA Overflow LAOutllow 

Recorder Recorder 




iio 2 — a 


b 


a b 

Diagram of apparatus used for measuring blood flow changes to and 
from the lungs 

Records of apparatus test Half natural size For explanation see text 


minute In addition, the change m blood-volume of the reservoir 
(L A res ) into which the “LA outflow” emptied was recorded 

Fig 2 b, represents the results of one test Each excursion of the 
pulmonary overflow and “LA ” outflow recorders represents the 
flow during a period of four seconds The tracing shows that a 
temporary constriction of the “pulmonary arterial” tubmg mcreases 
the pulmonary overflow by 28 c o per minute and produces a 
corresponding reduction m the “LA” outflow The volume of the 
L A reservoir is reduced at the approximate rate of 14 c o m half 
a minute, which is the expected rate of change With few exceptions 
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the piston recorders were calibrated after each experiment A correc 
* on 8,3 ma de for the volume of blood collecting m tube 4, 

s as to be added to that in the glass bulb B to give tie total 

Respiratory Centre Activity — The movements of the open thorax 
were recorded by a lever writing on the kymograph paper Tbe 

s ort arm of the lever was attached by a thread to the edge of the 
spht sternum 


Results 

Effects of Electrical Stimulation 

The Sympathetic Cham — With the chain cut between T 3 and T| 
(or between T 4 and T 5 ) ganglia, stimulation of the ceplialad end of the 
chain will excite ascending fibres issuing from segment T, (or Tfl and 


Table I Pulmonahy Vascular Responses to Nerve Stimulation 
in the Perfused Living Animal Preparation 



Pressor 

Diphasic 

Depressor 

' Total 

R sympathetic chain 

L sympathetic chain 

R St G 

L St G 

RJICG 

LJtfCG 

RT VS 

LT VS 

9 

5 

8 

2 

12 

4 

9 

4 

0 

0 

0 

0 

2 

2 

1 

1 

0 

1 

0 

2 

0 

3 

0 

1 j 

9 

" i 

i> 

4 

14 

9 

10 

0 

Right side = 

38 

3 

o- 

41 , 

Left side = 

15 

3 

7 = 

25 1 


53 | 

6 

7 = 

on 


R —fight, L —left, C G —middle cervical ganglion, St G =stclluto 
ganglion, TVS = thoracic \ agosympathotic ner\e 
The numerals denote the number of P L.A preparations m which each reapoias- 
was observed The number of tests exceeded 300 

from those segments more caudaliy situated These may bo pro 
ganghomo fibres or ascending post-ganghomo fibres derived from cell 
stations m the chain gangba caudal to the third (or fourth) thoracic 
ganghon 

The predominant response to stimulation of tho chain was an 
increase in the resistance of the pulmonary vascular bed (Table I) 
This was shown either by a rise in pulmonary arterial pressure (P -V p ) 
when tflejungs were perfused at constant blood inflow, or by a ditmnti 
turn in total pulmonary inflow and outflow when the lungs were perfused 
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Fia 3 — a P L.A 69 Dog, $, 0 7 kg , perfused with horso blood at constant 
blood inflow to both circulations Positive pressure ventilation 
of lungs Both C V S cut Duration of perfusion = 3 hr 62 min 
Stimulation of L sympathetic chain, coil distance 6 cm The 
respiratory centre was inactive, and the oscillations on the “ribs ’ 
traomg are due to artificial ventilation of the lungs 

. b P L A 80 Dog, ?, 5 9 kg , perfused with ‘ mixed” dog blood at 
constant blood inflow to both circulations Negative pressure 
ventilation. R C V S intact, L C V S out Duration of per 
fusion =2 hr 46 min Stimulation of R stellate ganglion at 
15 volts 10 msec duration and 60 cycles per second Atropine 
sulph 2 0 mg 136 mm previously 

c P LA. 88 Dog, $, 8 7 kg , perfused with horso blood at constant 
blood inflow to the systemic circulation and at constant pulmon 
ary arterial pressure Positive pressure ventilation. Both CVS 
heated An increase in the excursions of the upper tracing 
(P A. overflow) denotes a diminished inflow of blood to the lungs 
The calibration figures indicate c c /mm Duration of perfusion 
=4 hr 62 min. Stimulation of the L sympathetic chain at 
8/0 6/60 

A. p =pulmonary arterial pressure (cm of blood), B P =systemic 
arfenal pressure (mm Hg) nbs = nb movements, 
T.A =tidal air, inspiration downwards, R A fr --- frequency 
of right auricle 
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at constant P A p (fig 3) In one experiment only stimulation of tlie 
sympathetic chain caused a pulmonary depressor response This will 
be described later m detail 

In order to maintain responses over a period of some hours we found 
it desirable to use the smallest strength of stimulus which would give 
a clearly measurable P A p change The stimulus was applied for ten 
to fifteen seconds at ten- min ute intervals to give P A p changes of o 
to 10 per cent of its initial value (fig 5) T his meant that the stimulus 
had to be increased towards the end of the experiment Using the 
Palmer cod the stimulus ranged from 14 to 3 cm coil distance, w hereto 



4 23 4 36pm 


Fio 4 P L A 82 Dog, $ 5 4 kg, perfused with “ mixed M do^ blood at constao* 
blood inflow to both circulations Positive pressure ventilation Both C 
intact Duration of perfusion 1 hr 20 min 
4 23 p.m Stimulation of R long as colli muscle at T* level, 5/1/50 
4 36 pun Stimulation of R sympathetic chain 5/1/60 


with the Ritchie stimulator the voltage of the stimulus ranged from 3 t(> 
15 The adjustment of the electrodes on the chain generally produced 
a response Such a response and that due to the first electrioal stimulus 
might be larger than those subsequently elicited by electrical stimulation 
In the experiment of fig 4, a stimulus directly applied to the lon<J u<> 
colh muscle at a distance of -} cm from the chain did not give to 
P A p effects, although current spread to surrounding tissues was 
evident This showed that PAp responses we had obtained wore 
not due to stimulation of adjacent structures, and this was confirmed 


m other experiments 

It was pointed out by Daly 


and Hebb [1942] that pulmonary pre^s ,)r 
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responses to nerve stimulation m isolated lungs perfused through both 
the pulmonary and bronchial arteries could be explained on the basis 
of true pulmonary vaso-constriction or of -dilation of the bronchial 
blood-vessels transferring more blood from the systemic to the pulmonary 
oirculation The pulmonary pressor responses here desonbed, however, 
were shown to be due to pulmonary vasoconstriction since they could 



® 77 p kA 86 Dog, $, 8 6 kg, perfused with “mixed” dog blood at 
constant blood inflow to both circulations Positive pressure ventilation. Both 
CVS cut Duration of perfusion at 3 53 pun = 1 hr 2 min 

3 19 p.m Atropino sulph 2 0 mg added to blood 

3 53-5 13 pm Series of stimulations of R sympathetic chain, coil distance 5 cm 
o pun Negative pressure ventilation. 

Betweon arrows the systenuo pump was switohed off 
At arrow f stimulation of R sympathetic chain, c d. 5 cm 


fray&g shows the reotal temperature (upper) and the blood tempera- 
ture (lower) m the left auncle reservoir Taken with resistance thermometers 
and a thread recorder (Cambridge Scientific Instrument Co ) 


at Zer ° 8ystemi ° arterial pressure (systemic blood pump 
° ), unng whioh the transfer of blood from the bronchial to the 

pulmonary circulation would be stopped In 7 tests we have only 
once a ed to find during zero systemic blood-pressure a pulmonary 
response to nerve stimulation similar to that obtamed when the systemic 
A fche blood-pressure (fig 5) It was concluded, 
tbe PA P response to sympathetic nerve stimulation 
these expenments to constriction of the pulmonary blood- 

CncLaTto tb P n ^ <Matatl0n ° f VeBBeh blood from the 

Bronchial to the pulmonary circulation 
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at constant P A p (fig 3) In one experiment only stimulation of the 
sympathetic chain caused a pulmonary depressor response Tim mil 
be described later in detail 

In order to mamtam responses over a period of some hours we found 
esira e to use the smallest strength of stimulus which would give 
f C ., C ' ar ^ measura, ble P A p change The stimulus was apphed for ten 
0 n en secon ds at ten-nunute intervals to give PAp changes of 3 
, , - cen ^ As initial value (fig 5) This meant that the stimulus 

a o be increased towards the end of the experiment Using the 
er coil the stimulus ranged from Id to 3 cm coil distance, whereas 



4 23 i 36 pjn. 

I' 1 ? 82 Dog, 5, S 4 kg , perfused with “mixed” dog blood at constant 

blood inflow to both circulations Positive pressure ventilation Both CVS 
intact Duration of perfusion 1 hr 20 nun 
4 23 pun Stimulation of R longus colli muscle at T, lovel, 5/1150 
4 30 pun Stimulation of R sympathetic chain, 5/1/50 

with the Ritchie stimulator the voltage of the stimulus ranged from 3 te 
15 The adjustment of the electrodes on the chain generally produced 
a response Such a response and that due to the first electrical stimulus 
might be larger than those subsequently ehoited by electrical stimulation 
In the experiment of fig 4, a stimulus directly apphed to the lonqm 
colli muscle at a distance of 4 cm from tho chain did not give noc to 
PA. p effects, although current spread to surrounding tissues was 
evident This showed that PAp responses we had obtained wer e 
not due to stimulation of adjacent structures, and this was confirmed 
in other experiments 

It was pointed out by Daly and Hebb [1942] that pulmonary prefer 
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Ihe pressor response to M C G stimulation was demonstrated at zero 
B P as had been the response to sympathetic chain stimulation, and 
similarly could not have been due to a transfer of blood from the 



4 22 4 35 5 26 pun 


Fia 0 — P L A. 72 Dog $, 6 3 kg , perfused with, horse blood at constant 
blood inflow to both circulations Both CVS cut Duration of perfusion at 
4 22 pun =3 hr 32 min 

4 22 pun Positive pressure ventilation stopped at signal marker fall 

Stimulation of L sympathetic chain (c d =7 cm ) during solid white 
signal. Ventilation started at nse of signal marker 
4 35 pun Stimulation of L sympathetic chain (cd =7 cm ) during positive 
pressure ventilation 

”> 20 p m Stimulation of L sympathetic chain (cd =7 cm) during negative 
pressure ventilation 

bronchial circulation to the pulmonary circulation (fig 7, b) It was 
again found that the type of artificial ventilation uas not a factor 
determining the pulmonary vascular responses 
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tur. of Te 1 to emmretiat the temp™ 

the te.nm ,, " Peffcsmg the amnuff did not differ sigmScntlyL 

tore oS ^ “? T mU ‘ ,Mf Tius 48 for teipm 

redistribution hi" 6 ^ neitiier Ganges rn blood pump output nor 

result of -nh 7 °° T aiuraa ^ s tissues, which might take place ns a 
between ?, °S lca responses, would produce a temperature gradient 
temZl r?, d “ d th6 1:1381163 111 % 6 * '«U be seen that the 

in eh i rf 6 ° 6 ° 0cl P er ^ usm g the systemic circulation (measured 

n tne left auricle reservoir) remained constant Also the difference 

i„ m "' een , temperature and that of the P L A preparation (rectal 
emperature) differed by less than 0 2° C The difference remained 
ns an unng the period when the systemic circulation was switched 
1 fv* an a ou ffh° u t the series of sympathetic chain stimulations between 
and 5 13 P m , except dunng a short interval at 4 56 p m The 
responses o tamed are therefore not due to changes m blood temperature 
n e same gure it will be noted that 35 seconds after switching off 
.rp 6 . s y s t emic pump the upper and lower limiting levels of the tidal air 
) racing move upwards The T A tracing is recorded b} a 
spirometer connected to the closed circuit respiratory system into which 
oxygen is eing continuously admitted The upward movement of the 
racing therefore denotes a diminished oxygen consumption of the 
animal after its systemic circulation had been stopped 

Since both vasoconstriction and vasodilatation had been observed 
in response to stimulation of the sympathetic chain and its ganglia 
( a e ), i seemed possible that the degree of tone of the pulmonary 
°° ^ esse or their calibre at any given time might have determined 
e na ure of the response The P A p response might have been 
i uence y the method of artificial ventilation, because inflation of 
e ungs y intermittent positive intrapulmonary pressure differs in its 
e ec s on t e lung blood-vessels from inflation by intermittent extra 
pulmonary negative pressure variations We therefore tested the 
effects of nerve stimulation when the lungs were under different 
conditions of mechanical stress Fig 6 shows that the type 
of artificial ventilation, or indeed the absence of ventdation, had 
little effect on the P A p response to sympathetic ohain stimulation 
The initial fall m P A p in the left-hand tracing is due to the stoppage 
of positive pressure ventdation, and the final rise to the return 
of ventdation These observations were confirmed in a number of 
other experiments 

Stellate Ganglion (StG), Ansa subclavia, and Middle Centcal 
Ganglion (M C G) — The more usual response to electrical stimulation 
of the St G and AT C G was a P A p rise (fig 3, b) or a dec reaso both 
m lung blood inflow and outflow depending upon the motiiod used for 
assessing changes in calibre of the pulmonary blood-vessels (fig 7, a) 

Less commonly a diphasic or a weak ddator response occurred (Table I) 
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CELt Stations 

Mollgaard [1910, 1912] showed that the removal of one lung led to 
degenerative changes in some of the cells of the St 6 (in cat) and 
MCG (in dog and cat) Those affected may have been the cells of 
origin of bronohodilator fibres or of pulmonary vasomotor fibres, but 
his work clearly indicated the likelihood of our finding pulmonary 
vasomotor cell stations m one or both of the gangha The latter 
contmgency appeared to be the correct one, for the application of 



4 48 


6 35 pm \ 


Fiq 8 — P L A. 05 Dog $ 8 2 kg , perfused with horse blood at constant 
blood inflow to both circulations Positive pressure ventilation Both CVS 
cut Duration of perfusion at 4 48 p.m =3hr 11 min 


4 48 pun 
6 36 pun 


Nicotine 2 per cent applied to R.M.C G (white horizontal lino) followed 
by RAT C G stimulation (o d =8 cm ) 

Nicotine 2 per cent applied to R stellate ganglion 


nicotine (1 or 2 per cent solution) to either of the two gangha caused in 
some experiments an almost immediate rise of P A p and in a lesser 
number a fall of P A p or a diphasic response (figs 8, 9, and Table H) 
Further, as will be shown later, stimulation of the sympathetic chain 
after nicotirusation of both gangha no longer caused pulmonary vaso- 
motor efieots, whereas excitation of other nerves which might be 
regarded as post-ganghomo paths was still effective 

In the few experiments m whioh a comparison could be made, the 
eotion of the P A p nicotine response with one exception (expt 66) 
simulated that due to electrical stimulation of the ganglion or of the 
sympathetic chain (Table H) On two occasions the application of 
mco me to the St G caused a P A p nse in steps (fig 8) A possible 
exp ana ion or this is that successive layers of cells were stimulated as 
the nicotine diffused into the ganglion 
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TiO 7 — a P L*A 89 Dog, 10 0 kg Systemic circulation perfused with 
* mixed" dog blood at constant blood inflow pulmonary circuit 
tion perfuse a at constant pulmonary arterial pressure K C V2J 
cut, LCVS intact Duration of perfusion = 1 hr 6 min 
Observ ation mado during cessation of artiflcial ventilation of lung* 
Stimulation of both stellate ganglia 8/0 5/00 
b P L~A 65 Dog, $ 8 2 kg perfused with horso blood at conitant 
blood inflow to both circulations Both CVS cut Duration 
of perfusion at 3 37 p m =2 hr 15 nun 
3 37 pan Stimulation of C G (cd =8 cm) Tho tidal air 

tracing is falling becauso O a admission to tho closed air 
system was temporarily stopped 

3 50 pan Stimulation of RJJ CG (cd =8 cm ) during cessation t 
systemic circulation perfusion 
Atropino sulphate 2 0 mg added to tho blood at J 30 pan 
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Table U — Effect upon the Pulmonary Arterial Pressure of Electrical 
Stimulation- of the Sympathetic Chain, the Stellate and Middle 
Cervical Gang lia , and of the Application of 1-2 Per Cent Nicotine 
to the Ganglia 


Erpfc 

Sympathetic 

chain, 

electrical 

stimulation 

Stellate ganglion 

Middle cervical 
ganglion 

■ 

Electrical 

stimulation 

Nicotine 

Electrical 

stimulation 

Nicotine 
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Right side 
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Left side 
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+ 
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si +, - 

Right side 
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+ 



Right side 

■ 





- 

Left side 
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si + 


+ 

Left side 
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Right side 


0 




sl + 

Left side 

73 

i + 


+ 


+ 

Right side 


1 " 

1 



— 

Left side 


+ =nse of P A p - =fall of P A p 0 =no effect on PA p 



„ 8 16pm 

Fio 10 Samo experiment as m fig 0 Duration of perfus.on at 8 09 pan 

=7 hr 19 mm 

Stimulation of L T V S (c d =7 cm ) 

10 pan Stimulation of ventral limb of L anla eubciama (e d =7 cm ) 
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The following experiments suggest that the St G and MO G are 
e mam ce stations for the pulmonary vasomotor pre-ganghomc fibres 
6 u PP er sympathetic chain, with the possible exception of any 
p v ° ma y reIa y m the S C G or at other pomts m the trunk of the 
o nerve in which aberrant gangha may occur In expt 72 (fig 9) 
nicotine paralysis of the LMCG alone did not completely block all 



Fig 9 P L A. 72 Dog $, 6 3 kg , perfused with korso blood at constant 
blood inflow to both circulations Both CVS cut Duration of perfusion 
at 6 42 p.m =5 hr 52 mm 


Stimulation of L sympathetic chum (c d =7 cm ) at 0 42 7 00, 7 21, ond 

7 45J pun 

7 13 pan Nicotine 1 per cent applied to L2U C G 

i 43 pan Nicotme 1 per cent applied to left inferior cervical gonghon and T, 
ganglion 


the impulses from the L sympathetic chain, but the subsequent appb 
cation of nicotine to the left inferior cervical ganglion (L I C G ) anti 
Tj ganghon, t e St G , effectively blooked the remaining imputes 
Electrodes were then placed on the caudal end of the cut L T V S and 
ventral limb of the left ansa subclavia Stimulation in each test caused 
a rise mPAp (fig 10) The L T V S response maj havo been duo to 
excitation of post-ganghome fibres vith their cells of origin m tho St G 
or M C G , this will be discussed later On tho other hand, tho P A p 
response to stimulation of the central limb of tho ansa ivas m all 
probability due to excitation of post-gangliomc fibres with their cells 
of origin m the St G It should be stressed hero that this dog vas an 
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Pulmonary Vasodilatation 

Pulmonary vasodilator responses to of 

■ham and its ganglia were relatively ^ concern,*! 

igamst a satisfactory examinat nulmonary vasodilator 

[n experiment 73 evidence was obtained that that 
fibres vere present in the npper thoracic sympathetic chain ana 



Fia 11 b — Sams experiment as fig 1U 

7 Ob p m Stimulation of L sympathetic chain followed by stimulation of R 
sympathetic cham (od =3 cm ) . 

7 31 and 7 41pm Stimulation of L sympathetic cham (c d -d cm ) 

Eserme 1 0 mg added to blood at 7 33 pan 


their cell stations were probably m the St G and M C G The experi- 
ment v as remarkable in that electrical stimulation of the It sympathetic 
chain and RT VS nerves, as well as stimulation of the It St G and 
It M C G by nicotine, caused pulmonary vasoconstriction, whereas 
equivalent stimulations of the L sympathetic cham, L T V S , L St G 
and L II C G caused pulmonary vasodilatation (figs 11a, b, c) 

In fig 11a it will be observed that the second stimulation of the 
It sympathetic cham failed to ehcit a P A p response, although the B P 
show ed a rise of the same order as that produced by the first stimulation 
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r “' e ,‘ ll0t ‘ te 1 C 0 “ ft«I with the upper tte 

On the coXJfthe XOO^rr ' nth T ‘ g, “ sll0 “ “ "" 

discrete nan ulm nc ^ on left side were represented bv 

r S w g ere eonneT? g y a loot, mesh of Jves He* 
winch were f, ™ ° ted ^ fibres 2 ~3 mm in length to T s and T 3 ganglia 
to test the effect ^ ^ waa tbere fore possible in this instance 

mitil l alvllf 1 mCOtUle ° n ea ° h 0f thes ° S^gha separately An 

Two other 1 mCOtae t0 T * “ d T > '“-»«! no rise m P.A p 
and MOP experiments in whioh the order of mcotimsing the St G 

the CVS n"^ 8 reverse S ave similar results In all three experiment 
motor fihrpa 6r y es were cu f so that any sympathetic pulmonary vaso 
under test r ° ayiD ^ 10 tbe ^P 61101, cervical ganghon would not come 



0 3a 6 40 p.m. 


Fio 11 a P LrA 73 Hog $ 6 0 kg perfused with horse blood at constant 
blood inflow to both circulations Both C V S and bothn.currontiurjngcalncn.cs 
cut Negatieo pressure centiintion Duration of perfusion at (J J 0 pm = 

3 hr 41 mm 

0 35 pun Stimulation of R sjmpnthetic chain (o d =3cm) 

6 45 pun Stimulation of R sj-mpathotic chain (cd =J cm) followed bj 
stimulation of L sjunputhotic chum (c d =3 cm ) 
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The fact that subsequent stimulation of the It T V S and L T V S 
nerves gave a pressor and depressor response respectively suggests that 
they each contained fibres predominantly from the sympathetic chain 
of the corresponding side 

We did not carry out the crucial test of stimulating the L sympathetic 
chain after paralysis of the ganglia by nicotine Thus ive did not 
obtain direct evidence that the cell stations for the pulmonary vaso- 
dilator fibres reside in the St G and M C G Even so, if ive compare the 
effects of stimulating the sympathetic chain, the ganglia, and the TVS 
nerves on each side of the body m experiment 73, it would be remark- 
able if the St G and M C G were not cell stations for the sympathetic 
chain pulmonary dilator fibres just as they were found to be for the 
constrictor fibres Indeed this is the interpretation we place upon this 
experiment, so that the results so far obtained may be summarised by 
the statement that our evidence supports the view that the sympathetic 
chain contains both pulmonary vaso-constnctor and -dilator fibres 
both of which relay m the St G and MCG Their further course is 
discussed in the next section of this paper 


Sympathetic Post-ganglionic Fibbes 

These were not fully explored, but electrical stimulation of the 
ventral limb of the ansa subdavia (two experiments) and a branch 
from the ventral limb of the right ansa, which was traced as far as 
the dorsal surface of the pulmonary artery, all gave a nse of P A p 
The probability that these fibres were of vagal origin is remote, and 
therefore they may be reasonably regarded as belonging to the thoracic 
sympathetic outflow. 

Stimulation of the TVS nerves almost invariably produced changes 
® f Ap A pressor response predominated (Table I, and figs 10, 
Ho, 12, 13), and persisted after the intravenous injection of nicotine 
(10-20 mg ), which was sufficient to block pre-ganghomo impulses 
Excitation of branches of the TVS, namely the left ventrolateral 
cardiac nerve and a looping branoh of the RT VS nerve (fig 1, x), 
also caused a nse of P A p 

We have demonstrated that after the application of nicotine to 
the St G and MCG the pulmonary pressor response to stimulation of 
the sympathetic chain disappears, whereas that to T V S stimulation 
persists (figs 9, 10) These observations are not unequivocal evidence 
that the vasoconstrictor fibres m the TVS nerves have their cell 
stations m the St G and MCG They might be denved from other 
sources We therefore tested the effect of stimulating the sympathetic 
cham before, dunng, and after cooling the T V S nerve, and found 
c 4.1 6 me fine to sympathetic cham stimulation was sigm- 

r 4-v\rnr’ ky cooling the TVS nerve of the same side (fig 12) 
VOL XXNIV NO 3—1048 On 



302 


Daly, Duke, Hebb, and WeatberaU 

A third stimulation of the R sympathetic cham merely produced 
irregular oscillations of the P A p record (fig 11b, 7 OS p m ) We are 
at a loss to account for this phenomenon, we have, however, observed 
it on other occasions Exa min ation of the R sympathetic oham jn t 
after the second stimulation showed some drying, but if this was the 
cause of loss of activity of the pulmonary vasomotor fibres it apparenth 



8 10 8 20 




9 10 p m 



S 39 9 35 pan 


Fig 11c — Samo experiment as in fig 11b 
3 10 p.m Nicotine (1 per cent ) on L St G 
S 20 pm Nicotine on R St G 

8 30 pan Nicotine on R 31 C G (a) Nicotine onLUCG (6) 

9 05 pan LTVS stun c d =3 cm 
9 10 pan RT VS stun c d =3 cm 

9 25 p m Ergotoxme othanesulphonate 3 0 mg added to blood 
9 35 p.m 1st stimulus on LTVS (od=3cm) 2nd stimulus on RT \ 8 
(c d =3 cm ) 


had not affected the vasoconstrictor fibres to the systemic circulation 
, ee Pigs 11 a and 11b show that the vasodilator response to 

f sympathetic chain excitation diminished with successive stimulation' 
but was not enhanced by a small dose (1 mg ) of esenne The prepar > 
. nn was m poor condition at this stage and respiratory activity Jn>“ 
1 In spite of this, small but definite PAp responses a en. 
bv painting the St G and 3ICG with nicotine, the response 
? each case pressor to stimulation of the ganglia on the right 'id<- 

b6 d depressor to stimulation of the left ganglia (fig 1 lc, H 16-8 30 p m ) 
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Nature of Pulmonary Sympathetic Vasomotor Fibres 

It has been repeatedly demonstrated that the pulmonary vaso- 
constriction following stimulation of the chain, the St G , the M C G , 
and the TVS nerves (a) is not enhanced by esenne (c 1 m 10 8 ), ( b ) 
occurs m atropmised preparations (c 1 in 250,000), and (c) is invariably 



a 20 6 46 7 22 7 33 7 48 7 60 7 53 pun 


Fia 13 — P L.A 83 Dog, <J, 6 8 kg , perfused with horse blood at constant 
blood inflow to both circulations Negative pressure ventilation Both CVS 
cut Duration of perfusion at 6 20 pun =3 hr 63 nun 

6 20 pun. L T V S stimulation, 8/10/50 
6 28 pun Esenne 0 5 mg 
6 46 pm. LTVS stimulation, 8/10/60 

6 51 pun Atropine sulphate 6 0 mg 

7 22 pun LTVS stimulation, 10/10/50 

7 33 pun R sympathetic chain stimulation, 4/10/60 
7 38 pun Ergotoxme ethanesulphonate 4 mg 
7 48 p.m. R sympathetic chain stimulation, 4/10/60 
7 60 pum LTVS stimulation, 10/10/60, showing current spread. 

7 63 pun. LTVS stimulation, 8/10/50 

either suppressed, partially or completely, or reversed by ergotosne 
ethanesulphonate (elm 10 6 to 1 m 500,000) (figs llo, 13) These 
observations are compatible with the view that the vasoconstrictor 
fibres are adrenergic Daly and Euler [1932] had previously reported 
that ergotamine tartarte suppressed the TVS vasoconstrictor response 

ie efieot of cocaine on the response to nerve stimulation has not been 
tested 

Analysis of the dilator responses presented more difficulty In only 
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TotaJ « J and 'Veatheraii 

TvJ Oppression of the P A n r. 

tie T y s^h T S CooIed Wou ld noThTe ^ 111 ! 6 J b t mam trunk of the 
~ g g 0mc £bres from tie cord 



Atropmc. sulphate (4 0 mg ) a ddL^ * 3 ° P’™*’™*' ' 

6 05 p m =two successive stuaulat!^ 1 ^* 2 J 6 P* 

2n0 cd.= 3cm ' RTVS nerve, 1st, cd. = 11 cm, 

m the upper thoracic synmabh^ 

St e or M C O ^ and re l ay ,„ s m the 

We nave less information ccmo 

vasoddator fibres reach the lungs b >‘ which sympathetic 

if C G , and the TVS nerves^on^ “f the chain - ^ St G the 
(see expt 73, and figs Ha, b, c), we lack ^ asod 'hitor fibres 

direct route to the lungs There teas no ® de ( nce fc hat these fibres arc a 
cooling the T Y S nerve diminished the S? ty f ° r test <%' Aether 
chain stimulation, or whether the T V S ilt re3pouso to s 3 mpathetu 
after intravenous injection of nicotine aiiafor response u ns retained 
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T V S stimulation suggests that the preparation was still fully atropm- 
lsed although the atropme had been added to the blood more than four 
hours before When eserme was given, stimulation of the TVS was 
not followed by bronchoconstriction Therefore atropme in large 
enough doses to paralyse the bronchoconstnotor fibres apparently fails 
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Fro 15 —Left lung perfusion circa 480 o o /min Dog, ? 8 0 kg Mornhia 
chloralose (Method of Daly and Duke, 1948 ) *** ’ 

1 48 p.m Atropme sulph 2 0 mg 

2 30 oan. Stimulation L sympathetic chain, 20/10/50 

pan Stimulation L sympathetic chain, 10/100/5 
d pan Lhgotoxme ethanesulphonate 1 0 mg 
o P ™ Stimulation L sympathetic cham, 10/100/5 

3 60 pan Atropme sulph. 2 0 mg ’ll 

7 pan Stimulation L sympathetic chain, 10/100/5 
j p J =Ieft aunole pressure 

A P =left pulmonary arterial perfusion pressure 

“T wt “h “ e for the vaeoddator 

ST* I’.' “taoftotaon of ergotoxiue Wo also earned out 

these experiment, atropme mem ST** 101 ? ^ atro I““ aed In 

never abohshed the P A rf a er g° toxine sometimes reduced but 

sympathetic cham andT VS t0 8tlmulatl0n °f the 

T ° iierves (ng la) 
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one experiment were we able to observe the effeot of esenne on an 
initial dilator response to sympathetic chain stimulation m n non 
atropmised preparation in which bronchoconstnctor responses were 
absent (fig 11 b) In this experiment esenne (concentration in blood 
1 in 2 x 1O 0 ) had no potentiating effeot 



0 35 0 47 7 03 pan 

a b 


Fig 14 a — Same experiment oa illustrated in fig 3, b, which shows response 
before ergotoxme 

Stimulation of R St G 15/10/60, 15 mm after the addition to the blood of ergo 
toxrne ethaneaulphonate 5 0 mg 
Atropine sulphate 2 0 mg added to blood 155 min previously 

Fio 14 6 — Same oxpcnment os m fig 7, 6 
0 35 pun Stimulation ofRTVS (cd =0 cm ) 

0 37 pun Ergotoxmo ethanesulphonato 4 0 mg 
0 47 pan Stimulation ofRTVS (cd =0 cm ) 

0 50 pun Esenne 3 0 mg 

7 03 pan Stimulation ofRTVS (cd =0 cm ) 

Atropmo sulphate 2 0 mg added to tho blood at 2 30 p m 


The other type of vasodilator response we had the opportumte ot 
examining vas that present after tho ergotoxme reversal of the usual 
«sor effects obtained by stimulation of the sympathetic chain, St 0 
^ d T V S nerves This type of pulmonary vasodilatation occurred in 
fttroninised preparations (fig 14) In the experiment illustrated in 
fig 14 b the absence of a significant bronchoconstnctor response to 


Pulmonary Vasomotor Fibres m the Sympathetic Cham 309 

Pulmonary vasodilator fibres have not been so fully explored because 
a dilator response to sympathetic chain stimulation is a rare pheno- 
menon The observations in expt 73, m which electrical stimulation 
of the left sympathetic chain and of the L T V S nerve, and mcotmisa- 
tion of the L St G and L M C G , aU produced pulmonary vasodilatation, 
can be explained on the grounds that these ganglia and the TVS form 
one of the pathways to the lungs foi pulmonary dilator fibres from the 
sympathetic chain The evidence for this opinion gains strength from 
the parallel constrictor responses obtained on the other side of the body 
in the same experiment but is less secure than that produced for vaso- 
constrictor fibres The effect of cooling the TVS nerve on the dilator 
response to sympathetic oham stimulation was not carried out, nor 
were tests made to determine whether nicotine paralysis of the ganglia 
would prevent the dilator response to sympathetic chain stimulation 
In the light of the critical analyses by McSwmey and Spurrell [1933] 
and Babkin [1944], which failed to establish the claims of Kiss [1931, 
1932] that some efferent vagal fibres belong to the sympathetic system, 
we regard it as unlikely that the sympathetic pulmonary vasomotor 
fibres are derived from sources other than the thoracio sympathetic 
chain The presence of pulmonary vasomotor fibres in the cervical 
vagosympathetic nerves in no way affects this belief, for they might 
well be derived from the thoracic sympathetic with their cell stations 
in the superior cervical ganglion 

The use of drugs as diagnostic agents has led to results whioh not only 
strengthen our opinion that the sympathetic chain ganglia and TVS 
nerves are indeed one of the sympathetic vasomotor paths to the lungs, 
but also shed some light on the nature of the fibres concerned All the 
evidence we have obtained is compatible with the view that the 
pulmonary vasoconstrictor fibres are adrenergic, because pulmonary 
vasoconstrictor responses to nerve stimulation occur in atropimsed 
preparations , they are not enhanced by esenne and they are suppressed 
or reversed by ergotoxme Pure dilator responses have also been 
obtained on stimulating the same path, but we have not got enough 
evidence to be certain of the nature of the nerve-fibres concerned 

The absence of any potentiating effect of esenne (1 m 2 x 10') on the 
vasodilator response to sympathetic chain stimulation in a single 
expenment, and the fact that atropine fails to suppress the post- 
ergotoxme depressor response both to sympathetic chain and to T V S 
stimulation, suggest that some of the pulmonary dilator fibres may be 
adrenergic We have not, however, ruled out the possibility that they 

may e atropine resistant fibres, either cholinergic or of unknown 
nature 

The presence of vasomotor fibres to the lungs other than adrenergic 
or c o nergio was suggested by Ungar, Grossiord, and Bnncourt [1936] 

ey wor e on atropimsed dogs, and their results led them to conclude 
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,, ™^^ er318 i ei \ Ce a de P ressor response after ergotoxme and atropine 
LI; enC + t°f f l dxenerglC P uImon ary vasodilator fibres It is poJble 
weyer, that they are atropine-resistant cholinergic fibres It should 
a p monary vasodilator fibres which may be demonstrated 
in ^ ^ ® are readily suppressed by atropme m doses 
™ t0 those used 111 the present experiments [Daly, Duke, and Hebb, 


a interpretation oannot be placed upon these results untd 
1 a ^ lve studies of the phenomena have been carried out Studies 
^ ~ e , re f 111 ^ ie TVS nerves will prevent considerable experimental 
c les ecause they should include tests to determine the action of 
eserine on the post-ergotoxine pulmonary depressor response Esemie, 
owever, causes bronchoconstriction with attendant passive effects on 

e pu monary vascular bed, and this compboates the interpretation of 
V A p responses 


Discussion and Conclusions 

Under experimental conditions which rule out the participation oi 
current spread, of blood temperature changes and of passive changes 
m t e pulmonary vascular bed due to cardiac or bronchomotor ev ents, 
it has been found that electrical stimulation of the upper thoracic 
sympathetic chain more often produces pulmonary vasoconstriction 
t an pulmonary vasodilatation The vasoconstrictor response is present 
w en the systemic arterial pressure is zero, which indicates that an 
alteration m the transfer of blood from the bronchial to the pulmonan 
circulation is not the cause of the observed pulmonary arterial pressure 
change 

Stimulation of the StG, MCG, or TVS nerves under similar 
experimental conditions also produces pulmonary vasomotor response?, 
and agam vasoconstriction is the more usual effect 

Pulmonary vasoconstrictor fibres derived from the sympathetic chain 
have been shown to relay m both the St G and the MCG The post- 
ganglionic fibres run m the TVS nerves and their branches Our 
evidence for this is 

(1) The initial application of nicotine to one or both ganglia cause- 

pulmonary vasoconstriction 

(2) The pulmonary pressor response to stimulation of the sympathetic 

oham is not abolished until both ganglia have been paralvscd 

by nicotine 

(3) After both ganglia have been paralysed by nicotine, stimulation 

of the TVS nerves still causes an increase of P Ap 

(4) Cooling the main trunk of the TVS nerve reduces the P A p 

response to stimulation of the s^ mpathetic chain 
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experiments the results obtained are representative of those obtained 
in animals with an intact circulation It might be added that Dirken 
and Heemstra [1948], working on ancesthetised rabbits, found that 
resection of the sympathetic oham on one side increased the oxygen 
uptake of the homolateral lung, and stimulation of the upper thoracic 
ganghon caused m most cases a diminution m oxygen uptake of the 
homolateral lung They do not, however, regard these results as 
unequivocal evidence of a sympathetic pulmonary vasoconstrictor 
mechanism 

Reviewing all the evidence obtamed from animals under a variety of 
experimental conditions, there seems to be no doubt that a sympathetic 
pulmonary vasoconstriction is more readily demonstrated than a vaso- 
dilatation This finding does not justify the assumption that the 
influence of the sympathetic pulmonary vasomotor nerves in the normal 
animal is predominantly vasoconstrictor, although we regard it as 
indicating that potentially the sympathetic nerves oan produce 
pulmonary vaso-constnction or -dilatation in the normal annual 

We have been unable to discover why a sympathetic pulmonary 
vaso-constrictor response occurs m some experiments and a -dilator 
response in others As previously mentioned, the specific nature of 
the perfusate does not appear to be a dominant factor The anaesthetic 
ia a complication common to all the experiments whioh have been 
quoted In our own experiments chloraloae was used, although we 
have obtamed simdar results using Pemocton as an anaesthetic In this 
connexion Ned, Redwood, and Schweitzer [1948] found that intravenous 
mjectiou of chloralose in the decerebrate cat, or m cats under nembutal 
anaesthesia, converted the depressor response to electrical stimulation 
of the sinus nerve to a marked pressor response But m the experiments 
of others in which sympathetic pulmonary vasoconstriction was obtamed, 
ether, chloroform, and curare were used, so the predominant pressor 
response does not appear to be dependent upon the use of a specific 
anaesthetio It occurred to us that the anaesthetic, by causing marked 
dilatation of the pulmonary vessels, might account for our failure to 
demonstrate sympathetic vasodilatation more frequently But no 
evidence has been obtained that this is so, on the contrary, the 
pulmonary vessels appeared to be constricted rather than dilated In 
the vast majority of experiments the lungs remained somewhat pale 
m colour, and the blood-flow through the lungs was less than that 
through the systemic circulation when the pulmonary arterial and 
systemic arterial pressures were kept within normal physiological limits, 
winch suggests that loss of tone of the pulmonary blood-vessel was not 
the Muse of the low proportion of sympathetic vasoddator responses 
Without further evidence the significance of a predominant pul- 
monary vasoconstrictor response to sympathetic stimulation cannot 
be ascertained, but if eventually it is found to be absent m normal 
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that the phrenic nerves contain histaminergic pulmonary vasodilator 

res These were regarded as antidromic fibres with their cells of 
origin in the posterior root ganghon of C 4 -C„ the axons of whioh passed 

own the phrenic nerves to join the stellate ganghon and upper thoracn 
sympathetic chain, thence to the lungs The existence of suoh fibres 
requires confirmation, indeed later work by Ungar and Parrot [1938, 
1939] led them to believe that antidromic vasodilatation is due to the 
release of a substance which bears a closer resemblance to adrenoxme 
than to histamine Since the pulmonary vasodilator fibres which ire 
describe appear to have their cell stations m the St G or M C G , the\ 
are not antidromic 

In our present senes of experiments we have found that stimulation 
of pulmonary vasoconstnctor fibres m preparations perfused at constant 
blood inflow to the P A produces an mcrease of P A p of 10-15 per 
cent of its initial value, which represents a pressure change of less than 
5 mm Hg This observation by itself might suggest that the functional 
activity of the pulmonary nerves is weak However, in preparations 
perfused at constant P A p , stimulations of the same magnitude produce 
approximately a 30 per cent decrease m the total volume of blood 
flowing through the pulmonary circulation, which might well reflect 
events of considerable physiological significance Our experiments do 
not fully explain these events, but it is evident that the small olinngea 
m P A p which occur under a particular set of experimental conditions 
may give a false impression of the order of vascular events which 
actually take place 

How far may the types of pulmonary vascular responses to nerve 
stimulation which we have described be regarded as those which are 
potentially operative m the normal animal ? It might be argued that 
the introduction of hepannised shed blood, either homologous or 
heterologous, into an amesthetised animal whioh has already suffered 
a considerable degree of surgical shock would give rise to a senes of 
complex biological events, both humoral and nervous, inevitably leading 
to an abnormal physiological state of the pulmonary vascular bed 
Thus the responses of the pulmonary blood-vessels to pulmonary 
sympathetic nerve stimulation under the conditions we have imposed 
would not necessarily bear any relation to those occurring in the normal 
a nim al This cannot be demed, yet it is remarkable that a sympathetic 
pulmonary pressor response is predominant in isolated perfused lungs, 
m the perfused living animal, in the perfused left-lung annual, and in 
the anaesthetised ammal with intact circulation (for hteraturo see the 
opening paragraph of this paper) Further, it has been found m this 
laboratory that this same type of response is predominant in the perfused 
living ammal (dog) irrespective of whether the perfusato is the blood 
of dm* (hepannised or defibrmnted), horse, or sheep Wo may take it, 
therefore, that m spite of the artificial conditions of perfusion m our 
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REFLEX REBOUND IN EXTENSOR MUSCLES By J del 

Castillo-Nicolait and A Schweitzer From the Department 
of Physiology, University College, London, W C 1 

(Received for publication. 19 th November 1948 ) 

It is -well known that inhibition of a reflex is often followed by a marked 
increase m its activity For instance, mechanical stimulation oi the 
hamstring muscles inhibits the knee jerk, which subsequently shows a 
phase of hyp erexoit ability , inhibition of rhythmic stepping movemen s 
is followed by a period of increased excitability , inhibition of extensor 
reflexes during reflex activation of ipsdateral flexor muscles is o owe 
by moreased extensor reflex excitability, as shown by the potentiation 
of the extensor thrust 

Rebound contraction was regarded as a special case of successive 
spinal induction” [Sherrington, 1905, 1906] It was thought that t e 
hyperexcitabihty following reflex inhibition was such that the cessation 
of the inhibitory stimulus alone would suffice to produce a reappearance 
of the antagonistic reflex previously depressed Rebound contraction 
following inhibition of extensor muscles was held to be inherent m the 
nature of the flexor reflex (“diphasic reflexes”) Rebound phenomena 
were explained on the basis of two hypotheses (1) a change, of origin 
unknown, from a central inhibitory to a central excitatory state, (2) 
the presence in afferent nerves of fibres with excitatory and inhibitory 
central connections, during stimulation the reflex inhibitory effect 
would be predominant, but, m virtue of a prolonged after-discharge, the 
excitatory connections would become operative on discontinuing the 
stimulation and cause rebound contraction [Sherrington and Sowton, 
1911a] 

This hypothesis of the essentially central origin of the rebound 
phenomenon received support from Graham Brown [1911], Forbes 
[1921], Forbes, Davis and Lambert [1930], and Creed, Denny-Brown, 
Eccles, Liddell and Sherrington [1932] It was based on Sherrington's 
VOL. XXXV, NO 1 —1949 1 1 
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As Sherrington and Sowton [1911 h] have shown, reflex responses 
depend on the strength of stimulation Thus weak stimuli may produce 
ipailateral contraction of the vasto-crureus, while strong stimulation in 
the same preparation may produce extensor relaxation Our observa- 
tions also confirm Sherrington's [1908] statement that the rebound 
phenomenon is diffi cult, if not impossible, to eboit if the animal is 
aaphyxiated or under the influence of anesthetics 

Three types of rebound contractions of the vasto-crureus muscle 
were studied 

(a) Rebound contraction following reflex inhibition 

(b) Rebound contraction after reflex contraction caused by ipsi- 

lateral stimulation 

(c) Rebound contraction after reflex contraction caused by contra- 

lateral stimulation 

(a) Rebound Contraction following Reflex Inhibition 

Our observations completely agree with Sherrington's [1908, 1909] 
analysis of this phenomenon There was no correlation between the 



m 5 a , n Decerebrate cat Stimulation of left popliteal nerve (central end) 
860 > m sec pulse duration and 26 v Records from above 
contractions of hamstring muscles, contractions of quadriceps. 
Note increase ^° nzo ° ul bn 18 marked S indicate period of stimulation, 

rebound contraction of quadncej« OTth increased initial stretch 
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of the mt°te a [eCGrihem P B^ tt Ml 0 /] reb0,md 

so £ ?r, ber , 0fpt r mena mduded m the term “rebound "increased, 
of relavatin ™ ^ TOVm rebound “was any movement either 

terminal- 1 n *°* ° contraction whioh succeeds the reflex act on the 
m *° Q ,° * 3 3 unidus In this paper the term will be used m a 

i t 3 nc e sense to denote reflex contractions appeanng immedi 
i "T r cessation of a stimulus which ehoited a reflex contraction or 
, 1 ® tension developed by the rebound contraction being 

greater than that present m the pre-stimulatory penod 

e purpose of this investigation was to re-examine the role in the 
meo anism of the rebound phenomenon of afferent impulses originating 
om e vasto-crureus muscle after reflex contraction or inhi bition 


Methods 

Cats were decerebrated under light ether anrosthesia Drills were 
inserted into the femur for rigid limb fixation The central end of the 
popliteal nerve was stimulated by means of a Colhson fluid electrode, 
using a square wave stimulator with independent frequency of stimuli, 
pulse duration and voltage output control The peroneal nerve was 
sec lone Lumbar laminectomy was performed, preparatory to tran- 
section of spinal posterior roots The patellar tendon was freed from 
its attachments and connected to the spring recorder of a Brown 
bchuster myograph Frequently the contractions of the hamstring 
muscles were recorded by fixation of the tibia to a seoond lever on the 
myograph after amputation of the foot 

In all records, downward movements of the recording systems 
correspond to contractions of the muscles concerned In all experiments 
where posterior spinal roots had been sectioned, the exact position of the 
roots affected was verified post mortem 

Results 

Centripetal afferent nerve stimulation produced striking variations 
in the reflex responses which followed Ipsilateral reflex contraction 
of the flexor and ipsilateral relaxation of the extensor muscles, tho 
classical response, was most frequently observed However, flexor 
contraction was often accompanied by reflex contraction of the ipsilateral 
extensor muscles, a response which Graham Brown [1911J called the 
“dilemma of reaction ” Sometimes, in addition to post stimulatory 
contractions of the muscles under observation, the stimulation caused 
generalized movements of the musculature of the whole animal, which 
persisted after cessation of the stimulus These generalized contrac- 
tions would be regarded by Graham Brown [1911] as manifestations 
of rebound 
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rebound appeared in the form of rhythmical contractions maintained 
for periods up to 30 seconds As in the condition of rebound contraction 
following reflex inhibition, its strength after reflex contraction depended 
on the original degree of stretch to which the muscle was subjected 

(fig 2 ) 

(o) Rebound Contraction after Reflex Contraction caused by 
Contralateral Stimulation 

Rebound contraction of the quadriceps muscle was often recorded 
after cessation of contralateral afferent stimulation whioh had caused 
a crossed extensor reflex This type of rebound contraction was often 
very powerful, and occurred after the muscle had returned to its pre- 
stimulatory base-line It showed a considerable degree of variability 
on frequent repetition of the contralateral sensory stimulation m the 
same animal On the whole, the strength of the rebound appeared to 
be related to the strength of stimulation, although, in some cases, this 
correlation could not be demonstrated It was not possible to demon- 
strate any relationship between the strength of rebound contraction 
and the degree of stretch previously applied to the muscle 

Efpeot op Dbafferentation op the Muscle oh the 
Rebound Contraction 

(a) Rebound Contraction following Reflex Inhibition 

Transection of the sixth posterior lumbar root usually completely 
abolished the rebound contraction which previously followed reflex 
inhibition In fact, this procedure altered the character of the response 
to ipailateral sensory stimulation Reflex inhibition was no longer 
obtained and reflex contraction occurred, which disappeared soon after 
cessation of the stimulation There was no rebound contraction 
(fig 3) 

In a few instances, transection of the sixth posterior lumbar root 
did not completely abolish rebound When, in addition, the seventh 
posterior lumbar root was cut m these cases, rebound contraction was 
finally abolished 

In experiments where the seventh posterior lumbar root alone was 
transected, rebound contraction was often decreased and inconstant m 
appearance 

In some cases, transection of the fifth, sixth and eighth lumbar and 
all sacral posterior roots, the seventh lumbar root remaining intact, did 
not abolish rebound contraction, although it appeared to be more variable 
m extent Frequently the character of the reflex response preceding 
re ound was changed, reflex inhibition occurring where, prior to 
sectioning of these posterior roots, ipsxlateral sensory stimulation had 
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actual mechanical lengthening of the muscle occurring during the phase 
of reflex i nhi bition and the extent of the consequent rebound con 
traction In fact, m many instances powerful rebound contraction 
occurred in the absence of any detectable preceding lengthening of the 
muscle 

It should be added, however, that in our experience the strength of 
rebound contraction appeared to be related to the degree of stretch to 
which the muscle was subjected prior to reflex inhibition Fig 1 clearly 
shows the increase in rebound strength -with an increase in the stretching 
force previously applied to the muscle 


(b) Rebound Contraction after Reflex Contraction earned by 
Ipsilateral Stimulation 

In animals with a low degree of decerebrate rigidity ipsilateral 
centripetal stimulation usually caused reflex contraction of the quadri 
ceps muscle This contraction ceased after discontinuing the stimula- 
tion and was not followed by rebound 



o Records as m fig 1 Rebound contraction following tjuadncop* 

contraction after ipsilateral sensorj stimulation ( reaction of dilemma ) 
Rebound contraction increased after increasing initial stretch of muscle 


With marked decerebrate rigidity of the vnsto-crureus, ipsdateral 
sensory stimulation usually produced an inhibitory response, but it 
o *1 tt canned reflex contraction, and when this occurred the cessation 

Simulation was followed by marked rebound contraction Often this 
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produced excitation (fig 4, A and B) This figure also shows a distinct 
alteration in the appearance of the flexor reflex after transection of these 
posterior nerve-roots, no doubt due to the reduction m the number of 
afferent fibres reaching the spinal cord subserving the flexor reflex 


(b) Rebound Contraction after Reflex Contraction caused by 
Ipsilateral Stimulation 

Transection of the sixth posterior lumbar root usually completely 
abolished this type of rebound contraction (fig 5) In rare instances, 



— Records os m fig 1 “Reaction of dilemma ” Between Seotions 
A and B division of the sixth lumbar posterior root Dilemma reaction persists, 
but rebound contraction abolished. 


feeble and inconstant rebound contractions were still present after this 
procedure, sectioning of the seventh posterior lumbar root would then 
finally abolish the rebound 


(c) Rebound Contraction after Reflex Contraction caused by 
Contralateral Stimulation 

Transection of the sixth posterior lumbar root completely, or almost 
comp e o y, abolished rebound contraction following a crossed extensor 
con rac ion In no instance was rebound observed after sectioning of 



6 


Castillo-Nicolau and Schweitzer 



Pio 3 — Records as m fig 1 Between sections A and B division of Bath 
lumbar posterior root Note absence of rebound contraction following ipsilatoral 

sensory stimulation. 



j-jq 4 Records os in fig 1 Section A marked rebound contraction after 

mailateral sensory stimulation and reflex quadriceps contraction Between A 
andB transection of posterior lumbar roots f> 0 and 3 and all sacral roots. >ote 
persistence of rebound contraction and change in appearance of flexor reflex. 
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of the fourth and fifth lumbar roots m the production of vasto-crureus 
rebound Transection of the sixth posterior lumbar root sufficed either 
to abolish completely or at least to weaken considerably the three types 
of rebound contraction which were studied in this muscle When some 
measure of rebound persisted after sectioning of the sixth lumbar root, 
the phenomenon was abolished by additional transeotion of the seventh 
root 

It is, therefore, concluded that the discrepancy between Sherrington’s 
and our own observations can be explamed by incomplete deafferentation 
of the vasto-crureus m the older experiments The integrity of the 
afferent reflex pathway appears to be indispensable for the occurrence 
of the rebound phenomenon Our experiments do not throw any light 
on the explanations advanced by Graham Brown for his studies of the 
rebound phenomena m the gastrocnemius muscle 

The conception of the dependence of the rebound phenomena in the 
quadriceps muscle on the integrity of the proprioceptive reflex arc is 
further supported by the relationship between the previous degree of 
muscle stretch and the subsequent rebound contraction It was shown 
that increasing the pre-stimulatory stretching load on the muscle 
increased the extent of the rebound contraction which followed the 
cessation of afferent stimulation 

The inferences drawn from the present observations are m accord 
with the known function of the muscle stretch receptors and their 
primary importance for the initiation of the myotatio reflex, which 
prevents further impact of the stretching force on the muscle spindles 
lying m parallel with the contractile elements [Fulton and Pi-Suner, 
1928] 

If a stimulus inhibitory to a tomo muscle with high aotmty of the 
myotatic reflex arc reaches the spinal cord, the myotatic reflex will be 
suppressed because of the predominance of nociceptive stimulation over 
pre existing excitatory states The suppression of the myotatic reflex, 
as shown by the frequent relaxation of the muscle, inevitably subjects 
the muscle-spindles to a higher degree of stretoh If now the inhibitory 
stimulation be discontinued, the stretch reflex will be operative again 
and produce a powerful reflex rebound contraction Sherrington drew 
attention to the fact, which our observations amply confirm, that the 
post-inhibitory rebound contraction is always rapid in onset 

Similar considerations would apply to rebound following reflex 
muscle contraction When a muscle under tomo innervation is made 
reflexly to contract, the muBcle-spmdles are relieved of stretch by the 
contraction of the muscle-fibres, under conventional recording con- 
ltions the potential energy of the myograph would be increased On 

e cessation of stimulation the myograph, while returning to its rest- 
ing evel, would subject the muscle-spindles to renewed stretch, thus 
initiating a powerful post-excitatory rebound contraction 
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the sixth and seventh lumbar root (fin 6) 
wider these conditions, after-discharge 
stimulation completely disappeared 


This figure also shows that, 
following the cessation of 



time fr0 ™ abov ® downwards contraction of left quadriceps muscle, 

right popliteal nerve 170 " 2 °fi taI b< ?^ “ arkod S indicates central stimulation of 
AWBSon7/b n ,^ /M0 J 10 ° “ P' lIao duration, 25 v ) Between 
„ , ho sixth and seventh lumbar posterior root Note crossed 
extensor reflex persists, rebound contraction abolished. 


Discussion 

These experiments clearly show that rebound contraction m the 
qua neeps muscle of the decerebrate cat depends on the integrity of the 
a eren pa way carrying impulses from the muscle to the spinal cord 
e oun contraction can be completely abolished by transeotion of the 
appropriate spinal posterior roots 

The older hypotheses propounded to explain the nature of the 
re °un ^ p enomenon m terms of a central change from an excitatory to 
an inhibitory state, or m terms of excitatory or inhibitory nerve-fibres, 
were ased on the assumption of a complete independence of the rebound 
contraction of afferent impulses arising m the muscle This conception 
was founded on the observations of Sherrington on the persistence of 
rebound contraction in the deafferentated vosto-crureus musclo It 
must be emphasized that Shemngton found rebound contraction in 
deafferentated muscle inconstant m appearance, feeble, and of Jess 
duration than in normally innervated muscle 

The difference between Sherrington’s procedure and that reported 
m this paper lies in the method of deafferontation of the vasto crureus 
Sherrington sectioned the fourth, fifth and sixth lumbar posterior nerve 
roots, the seventh root remained mtact 

We have not been able to obtain any evidence of the participation 



THE ACTION OF SOME HUMORAL AGENTS ON THE HORSE 
INTESTINE By Frank Alexander From the Department 
of Physiology, Royal (Dick) Veterinary College, Edinburgh 

(Received for publication 25 th January 1949 ) 

Introduction 

Although the alimentary tract of the horse presents many interesting 
anatomical features, and despite the fact that disturbances of t his 
system account for a large proportion of disorders in the adult animal, 
few investigations into the mechanics of the intestinal traot have been 
earned out Some observations on intestinal movement were made by 
Cohn [1886], who found that waves, desonbed as antiperistaltio, were 
common m the small intestine of the horse Unfortunately, his observa- 
tions were conducted on the intestine of the freshly killed horse without 
any precautions to prevent drying and cooling More recently Tanaka 
and Ohkuho [1940], using the method of Magnus, investigated the aotion 
oi adrenaline on the ileum of the horse and found that it oaused a 
contraction Smce the observations of Colm and the experiments of 
lanaka and Ohkuho gave somewhat unexpected results, it seemed 
important to extend their studies An investigation was therefore 
undertaken into the effects of adrenaline, acetyl choline, histamine and 
posterior pituitary extract on the activity of the horse’s intestine 


methods 

,° f about 20 cm m were taken from a horse 

mmechaMy after destruction and put m cold Tyxode’s solution Strips 

TvrndB’ ? , Cm were CU ^ &om the larger pieces and suspended m 
frmn th! !°^ ltl011 m a bath of 100 c c capacity The strips were taken 
rectum ° bow “S re ^ ons deum > caecum, large colon, small colon and 
difficH^r ihe 8tnpS ° f lleum were cut m a longitudinal direction, great 
3 flq r experienced in getting responses from strips cut in a 

and SolL^T rig 6 ° f t the t6C 1 hmqUe recomm cnded by Siaulis 

fibres m the V * Th f anafconucal arrangement of the muscle- 
s' T fa< f tated tbe separation of the longitudinal 

Strips of tffinm s 6 f ° nner fi em g gathered mto tamias [Sisson, 1921] 
lavers of IhT i fibres were studied separately The muscle 

, mto circular and longitudinal bundles 

ll 
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quadnJepTm^cl! ^ fleX * ebound contractions were studied in the 
bibition rebound aft* e< l erebrate cats rebound following reflex in 
stimulation an rl n r reflex contraction caused by ipsiJateral afferent 
afferent stimulation ' & contraotlon caused by contralateral 

and^reflov ? r m igth . rebound contractions following reflex inhibition 
with an an ° n w 10n r^ er 1 P sda ^ era ^ sensory stimulation increased 
muscle gmen a 10n ^ be s ^ret clung force previously applied to the 

, These types of rebound contractions could not be produced after 
nSl i f erentatl ° n ° f tbe muscle Transection of the sixth 

nor um ar root usually sufficed to abobsh rebound, m those cases 

, ™ m ° U f P ersis ^ ed > although decreased in force and inconstant, 

nsection of the seventh posterior lumbar root finally abolished it 
, ere was no evidence that the fourth and fifth lumbar posterior 
root participated in the production of quadneeps rebound 

e ex rebound, under the conditions studied, is explamed as a 
phenomenon originating m the proprioceptors of the muscle 
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ascending colon, and the aorta rapidly dissected from its attachments 
to the roof of the abdomen This allowed the liver, stomach and 
intestines to be removed from the body by cutting above the cesophageal 
ligature and below the coho These organs were placed in a dish of 
Tyrode’s solution while the remaining operations were completed 



Cannula were introduced into the cranial mesenteric artery and into 
the common trunk of the portal vein After placing a ligature round 
the anastomosis between the duodenal branch of the cceliac and first 
intestinal arteries, the hver and stomach were removed and the intestines 
placed m a heated box and perfused m a maimer similar to that used for 
horse intestine 


Results 
Intestinal Strips 

The results of the experiments on intestinal strips are summarised 
in Table I The most remarkable of these was the marked increase m 
tone produced by adrenaline on the ileum (fig 2) and ciroular fibres of 
the large mtestme (fig 3, A) This effect was reversed by ergotoxme 
figs 2 and 3, A) 

Two cases, m a series of fifty experiments on the horse ileum, occurred 
m which adrenaline caused inhi bition of rhythmio contractions without 
any increase in tone Strips of the circular muscle of large and small 
colon were not so consistent m their response to adrenaline , inhibition 
of rhythmic contractions occurred m about 25 per cent of preparations 
from the large colon, and there was no response to adrenaline m about 
40 per cent of preparations from the small colon 

Strips cut from the region of the pyloric and lleocrecal sphincters 
v ere suspended in the bath and their response to drugs tested In the 
ew instances m which a response was obtamed, the effect of adrenaline 
was to mcrease the tone 
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of prepared by Matm S a 1/1000 solution 

acetvl choline a jT - ^ 0 6 3 S0 utl0n anc * by making fresh solutions of 
mtuitarv fR n i, ara i 1 | ne acic ^ phosphate A preparation of postenor 
P T, f y ^ rroughs Wellcome) containing 10 umts per c o was used, 

at l~ ny e ! t8 Wer ® made each Btn P was suspended m the bath for 
at least 30 minutes The drug under investigation was added to the 

■ . m , ■‘uoysasuig concentration until a measurable response was 
me 0 d° se required to produce this effeot is shown m the 

ppropria e gure When an effective concentration had been reached, 

, , 036 en ^ lmes as big was added to make sure that the response first 
? , am , C , was no ^ a specific response due to the presence of the drug in 
g ution Gruber [1922] found that adrenaline in high dilution 
cause contraction of the frog’s intestine whereas stronger solutions 
gave the opposite effeot 


Perfusion Technique 

In order to study the effect of these drugs on intestinal propulsion, 
ot er experiments were devised in whioh the gut was maintained in a 
via e state by the perfusion of its blood-vessels with physiological 
saline solutions or blood 

A length (about 1 m ) of ileum or small colon, supplied by ono 
intestinal artery, was removed from a freshly killed horse The artery 
and vein were cannulated and the open ends of the intestine tied over 
glass tubes of suitable diameter The loop of bowel was then laid on a 
s eet of perspex and placed m a heated box the temperature of which 
was thermostatically controlled at 36-38° C All the blood was washed 
out of the organ by perfusing with Tyrode’s solution at 37° C In the 
early experiments the perfusion pressure was controlled by raising or 
lowering a bottle fitted with a Manotte tube , later this was replaced by 
a pump The perfusion apparatus is illustrated by fig 1 

Tyrode s solution, blood, washed red cells and plasma were used as 
perfusion fluids When defibnnated blood was employed, some difficulty 
was experienced from the presence of vasotonms and, whilo it was possible 
to remove them by first passing the blood through a separate intestinal 
loop, it was preferable to overcome this obstacle by using cblorazol 
fast pink as anti-coagulant 

Experiments were conducted m which the effect of different per 
fusion fluids on the propulsion of boluses, seeds and fluids were observed 
The action of drugs on intestinal movements was measured by recording 
the response on a smoked drum using a volume recorder connected to 
the glass tube m the end of the segment 

To perfuse the cat’s bowel, a cat was etherised and bled by severing 
the carotid arteries, ligatures were placed round the oesophagus und 
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from the large colon or csecum Further, the dose of adrenaline 
required to inhibit rhythmic contractions of csecal and large colon 



Fio 3 — A. The action of adrenaline and acetyl choline on a oiroular strip of 
large colon. 

B The action of adrenaline and acetyl ohohno on a strip of large 
oolon toma 

taenne was greater than needed to inhibit those of the small colon 
tarn® (fig 3, B) 

The responses to acetyl choline (fig 3) and histamine (fig 4) were 
consistent, and easdy elicited from all preparations 



Fio i The action of histamine on (A) ileum, (B) large colon tenia, (C) small 
colon tcema, (D) rectum 
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Table I — The Ejteot of Adbenaline, Acetyl Choline, Histamne and 

POSTEBIOB PlTUITABY EXTBAOX ON INTESTINAL STRIPS FEOM THE HOBSE. 


Drug 

Tissue 

Effect 

Tone 

Khythm 

Adrenaline 

Heum 

Caacum 

Increased 

Unchanged 


Circular strips 

Increased 

Inhibited 


Taenia 

Large colon 

Unchanged 

Inhibited 


Circular strips 

Increased 

Increased 


Tmrua 

Small colon 

Unchanged 

Inhibited 


Circular strips 

Increased 

Increased 


Taenia 

Rectum 

Unchanged 

Inhibited 


Circular strips 

Increased 

Increased 


Longitudinal strips 

Unchanged 

Inhibited 

Acetylcholine 

All 

Increased 

Increased 

Histamine 

All 

Increased 

Increased 

Posterior pituitary extract 

All 

Unchanged 

Unchanged 



■gtjQ o -A Usual effect of adrcnalmo on a atrip of lloum 

B Diphasic action of adrenaline on the iloura seen in a fow cases 

It was noted that the rate of rhytiimio contraction in strips of taima 
from the small colon was about three times as fast as in strips of tccnia 
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Oral outflow 

Aborol outflow 

16 35 

Perfusion begun 


16 40 

180 c o 

30 o o 

16 46 

10 c e 

16 ce 

16 60 

10 c c 

66 c c 

16 66 

0 c c 

66 ce 

17 00 

5 c c 

10 c c 


Investigation of the Perfusion Fluid 

To determine the fraotion of blood responsible for these propulsive 
movements, red cells were separated by centrifugation, washed m 
Tyrode’s solution and restored to their original volume with Tyrode’s 
solution When this solution was used for the perfusion of the ileum, 
the same movements were observed as with defibrmated blood as the 
perfusing fluid, similar propulsion took place Perfusion with plasma 
produced an increase m movements which rarely persisted for more than 
30 minutes, and was much weaker than that produced by perfusion 
with washed red cells The movements produced by perfusion with 
blood or washed red cells were maintained for at least 3 hours 

Graphic records of the variations m intraluminal pressure produced 
by perfusion with Tyrode’s solution, plasma and washed red cells are 
shown m fig 6 
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Perfusion Experiments 

When loops of horse ileum were perfused with oxygenated Tyrode’s 
solution, slow, inco-ordinated, pendular movements and feeble wave, 
of contraction, running orally and aborally, were observed These 
movements did not cause any progression of objects placed m the lumen 
of the bowel 

Perfusion of the bowel with defibnnated blood induced strong move- 
ments of the following types peristalsis, „ antipenstalsis, pendular 
movements, and a spiral twisting of the gut on its mesenteric border 
The predominant type of movement was a progressive segmentation, 
no peristaltic rushes were seen These movements produced an interest 
ing variety of effects on different objects placed in the lumen Boluses 
of cotton-wool and soft paraffin, about 3 cm m diameter, were moved to 
and fro , the overall progression was towards the oral end of the segment 
The following experiment illustrates this phenomenon — 

Expt 38 

Perfusion fluid — defibnnated blood 
Perfusion pressure — 70 mm Hg 

14 15 Bolus placed in the middle of the loop of bowel 
14 30 Bolus had progressed 10 cm towards oral end 
14 45 Bolus had progressed 15 cm towards oral end 

Seeds and inert particles were propelled both orally and aborall}. 
but more particles were propelled towards the aboral end of the bowel 
than the reverse This is shown graphically in fig 5 



jTjq 5 . — A-A shows the seeds placed at each end of a loop of ileum. B~B ahowd 
their position 2 hours later, the intestine having been perfused with doflbnnated 
blood for this period The oral end of the loop is on the loft 

In other experiments a glass tube, closed by rubber tubing and 
spring clip, was introduced through the bung (fig 1) at eaoh end of the 
segment The lumen of the ileum w as filled w ith normal saline solution 
When the two ends were simultaneously undipped and tho outtlo w* 
measured, it was found that sabne was expelled at eadi cml of tln> 
segment ’ The following experiment illustrate:, this finding — 
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Oral outflow 

Aboral outflow 

16 35 

Perfusion begun 


16 40 

ISO c o 
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10 45 

10 c 0 
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16 50 

10 o o 

55 o c 

16 55 
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55 c c 
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Investigation of the Perfusion Fluid 

To determine the fraction of blood responsible for these propulsive 
movements, red cells were separated by centrifugation, washed in 
Tyrode’s solution and restored to their original volume with Tyrode’s 
solution When this solution was used for the perfusion of the ileum, 
the same movements were observed as with defibnnated blood as the 
perfusing fluid, similar propulsion took place Perfusion -with plasma 
produced an increase m movements which rarely persisted for more than 
30 minutes, and was much weaker than that produced by perfusion 
with washed red cells The movements produced by perfusion with 
Wood or washed red cells were maintained for at least 3 hours 

Graphic records of the variations in intraluminal pressure produced 
by perfusion with Tyrode’s solution, plasma and washed red cells are 
shown in fig 6 


Tyrodo 



°{ dlfiQ y at perfusion fluids on the movements of the perfused 
VOT “ Thl> tuno the start of perfus.on is shown m minutes 

XXXV, NO 1—1949 
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Perfusion of the Ileum of the Cat 

In this species propulsion occurred with Tyrode’s solution as the 
pe mg uid Propulsion was always m an aboral direction The 
ioliowmg experiment was typical 


Ileum of Cat Perfused with Tyrode’s Solution through 
the Cranial Mesenteric Artery 


11 45 

12 05 
12 10 
12 25 
12 40 


Pea mtroduced into duodenum 
Pea had progressed 5 cm aborally 
j> jj i » 9 cm jj 

j. ,» „ 20 cm „ 

» » „ 20 cm 


Perfusion of the Small Colon 

When this organ was perfused with oxygenated Tyrode’s solution 
weak movements were observed The predominant type was a npphng 
movement of the haustra, which seemed to have the effect of kneading 
the contents Slow peristaltic and antiperistaltio waves and an 
occasional contraction of the taenise were seen 

Perfusion with blood or a suspension of washed red cells produced 
the same types of movement but moreased m strength The increase in 
strength was not so great as m the ileum These movements did not 
cause any progression of the normal contents of the small colon or of 
artificial boluses mtroduced mto the lumen 


The Effect of Drugs on the Perfused Bowel 

The various drugs were injected mto the arterial cannula of the 
perfused bowel The total volume of the perfusing fluid was about one 
litre The results of these experiments are given m Table II H 10 



Pj 0 7 (A) the effect of adrenaline on the Tyrodo perfumed doum (BJ, (Cj 

(D), (E), the offect of various drugs on tho blood perfused doum 
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effects of drugs on the perfused ileum are shown in fig 7, and on the 
perfused small colon in fig 8 



Fio 8 — The effect of various drugs on the blood perfused small colon. 

Table II — The Effect of Drugs oh the Perfused Bowel 
or the House 


Drug 

Organ 

Perfusion 

Effect 

fluid 

Tone 

Bhythm 

Adrenaline 

Heum 

Tyrode’s 

Inoreased 

Unchanged 


Heum 

Small 

Blood 

Decreased 

Inhibited 


colon 

Blood 

Increased 

Inhibited 

Acetyl choline 

Ileum 

Small 

Blood 

Increased 

Increased 

Histamine 

colon 

Blood 

Increased 

Increased 

Heum 

Small 

Blood 

Increased 

Increased 

Posterior pituitary extract 

colon 

Blood 

Increased 

Increased 

Heum 

Small 

Blood 

Increased 

Unchanged 


colon 

Blood 

Decreased 

Inhibited 


Discussion 

Action of Drugs on Intestinal Strips 

The experiments described have confirmed the findings of Tanaka 
and Ohkuho [1940], and, further, have shown 14mluth«~fvceif.or nffhot-. nf 
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adrenaline on the horse’s intestine was not confined to the ileum This 
effect of adrenaline was demonstrated on circular strips of caecum, colon 
and rectum It was independent of the tone of the tissue or the con 
centration of adrenaline It was important to show the effeot independent 
of these conditions, since Brown and McSwmey [1927] found the action 
of adrenaline on strips of muscle from the stomach of rabbits varied with 
their tone Similarly, Gruber [1922] found dilute solutions of adrenaline 
caused contraction of the isolated frog intestine whereas concentrated 
solutions produced inhibition 

It was possible, by adding ergotoxme to the bath, to ohange the 
excitor effeot of adrenaline on these tissues of the horse into one of 
inhibition Though adrenaline has a diphasic effeot on the activity of 
several organs, it has not so far been shown to affect the intestine in this 
way A satisfactory explanation of the diphasic notion is that first 
proposed by Dale [1906], who suggested that these viscera may have both 
excitor and inhibitor adrenergic fibres m their nerve-supply Acetyl 
choline produced characteristic effects on the mtestmal strips Hu 
tamine, however, had the interesting property of inducing strong 
rhythmic contractions, an effeot which was particularly marked on 
strips of tserua Posterior pituitary extract showed no activity when 
tested by this method Since this substance finds some employment 
chnicaUy for the stimulation of mtestmal movement, it is important 
to test its action on the intestine by other methods 


Perf usion Experiments 

The mam purpose of the mtestmal movements is to mi\ the nige^tn 
with the mtestmal secretions and, having exposed the mixture to the 
mucosa, to propel the residue aborally To study these movements 
satisfactorily it is necessary to devise a preparation in which a length of 
mtestme can be observed as a whole With this m new, the method o 
perfusing segments of bowel was developed, and it was hoped tins 
preparation would facilitate the investigation of the factors influencing 

propulsion , 

The perfusion experiments on the deum showed that unless red oloou 
cells were present m the perfusing fluid propulsion did not occur, an 
that adequate oxygenation was an important factor in the co ordination 
of the bowel movements The possibility of this feature being peculiar 
to the horse vas at once considered, and similar experiments "tre 
performed on the ileum of the cat These experiments showed that 
perfusion with oxygenated Tyrode’s solution enabled the ileum of the 
cat- to propel objects placed in the lumen 

It is clear from these experiments that differences exist between tuo 
factors controlling intestinal propulsion m the different species This 
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finding is supported by the work of van Liere and his co-workers 
[1943], who found that anoxia decreased intestinal propulsion m mice 
but had no effect in dogs Similarly, Carnot and Glenard [1912] and 
Glenard [1913] observed peristaltic movements in the Looke perfused 
intestine of the dog and studied the progress of objects through the 
lumen 

It seemed possible, from these findings, that the dietetic habits 
of the species might determine the degree to which anoxia interfered 
with intestinal propulsion, herbivores being more sensitive to this 
condition than carnivores Moreover, Alvarez [1937] found that 
anoxasmia completely disrupted the penstaltio rush in rabbits This 
finding, however, was not in agreement with the results obtained by 
von Oettmgen, Sollmann and Ishikawa [1928] These latter authors 
found that long segments of rabbit ileum, suspended in oxygenated 
Locke solution, propelled various liquids along the lumen by means of 
penstaltio waves They stated, however, that an intraluminal pressure 
of 15 mm water was necessary to ekoit propulsion, hence the ensuing 
peristalsis might well have been due to the simple distension of the gut, 
as in Trendelenburg’s preparation It would have been interesting if 
von Oettmgen and his colleagues had investigated the effect of increasing 
the intraluminal pressure to similar levels at the caudal end of the 
segment 


Analysts of Movements of Perfused Ileum 

The movements of the perfused ileum were difficult to analyse The 
predominant type was a progressive segmentation which frequently 
merged into a slow wave of peristalsis These movements were shown 
to propel the intestinal contents both orally and aborally, a somewhat 
unusual observation which is in agreement, however, with the early 
work of Cohn [1886], who, observing the bowel movements m recently 
killed horses, noted the occurrence of rings of oonstriotion, running 
both orally and aborally, which pushed the contents of the small intestine 
from duodenum to ileum and ileum to duodenum 

Since the experiments on the ileum of the cat, performed with an 
identical perfusion technique, did not show any antiperistaltio propulsion, 
it seemed unlikely that the antiperistalsis recorded on the deum of the 
horse was an artifact A possible function of this movement might be 
the more complete mixing of the intestinal contents, and it was noted 
that mixtures of gum acacia and carbon were soon evenly spread through 
the perfused loop Similarly, London [1911] found that no matter the 
size of meal consumed, it was evenly distributed over the ileum so that 
a parts shared in the work of absorption In the experiments on the 
per sed ileum of the horse, the trend of propulsion was in an anal 
ection except when large boluses were present In this case the 
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msbt „ h ™ lb 

particles 5 normally the ileum never conta 


-movements of the Small Colon 

C ° l0n ™ c °"> 

occasionally 01 ttLe an timesentenc tienia wa 

perfusion with nmther T^od^ 1116 ^ 011 ^ lIeUm lh was s urpnm 
degree of propnlsmt^lXoIoT "" bI °° d pr ° duCed ^ * 
contents or artificial boluses Jr n ° matter Aether the 1 

and Magnus [19061 however re m the lumen The work of Li 
possessed an intrinsic nron 1 / mcioatcd thut tie colon of the 1 
of the ^ 

solution, pushed fecal pelletsfro^!’ 8USpe “ ded m Physiological i 
the distal colon and small 6 ? ranm io tPe caudal end 

the failure of the isolated am if ^ anaIogoU8 structures, it seemed 
might be due to (a) separation^™ h ° rS0 t0 propeI lts con( 
disruption of continuity of the C6ntraI nervoua system 

sensitive structures caused L ,6 ahmentary tracfc > & nijury to s 
points require further elucnW 6 expanmental mampulations T. 

[1939] made the mVerLtml l f B “ ay be noted tiat ^ 

and colon are controlled & by ^hf ^ the functl0na of the stom 
greater degree than is the^small^uftestine^ * Btem t0 a “ 


Eff e °t of Drugs on the Perfused Bowel 
The experiments on the effort a 
showed similar results tn 1 d ^ on the perfused mtesti 

-*■> the °» «» pro pa ratio 

of the isolated stop and Tyrode's c ““ sed contr “ ,l< 

inhibited the contractions of the ?, rib f ed deunj - ithereos it complele, 

irere some, chat ddfieuitTo reconcile' P "*S d ^ Ti “” M “f 
that, as the contractions of the hi ’i explanation might h 

they rrere, to soma eSt co orl.tdf ^ ' rM0 

effect of adrenaline in stoopin'* them hi ° er70tJ s mechanisms Tb 
on such a co-ordinaZ, S.1" h “™ 6 'en dne to its actio. 

and Tyrode's perfused deum th^tion “htTa“ ° f h th ° “if * f 

muscle, due to the co-ordinating meehamfm heJ been , soleIy 0,1 
result of anoxia 5 meenamsm bemg in abeyance as a 

Of the substances studied, the only one uhich mcreased the act.wty 
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of isolated strips, blood-perfused ileum and blood-perfused small colon 
ivas histamine The results of the experiments with posterior pituitary 
extract offered no support for the use of this drug to stimulate intestinal 
movements Indeed, its use seemed to be contra-indicated 

The results of the experiments on the isolated taema, in which 
teniae from the small colon showed a faster rate of contraction than 
those from the large colon and crecum, do not accord with Alvarez’ 
[1939] gradient theory of intestinal activity A possible explanation of 
this, however, may he m the histology of the tsema Carnal t®m® and 
teem© of the large colon consist mainly of fibrous tissue with little 
smooth muscle, whereas t®ru® from the small colon are composed 
almost entirely of smooth muscle [Sisson, 1921] Nevertheless, con- 
sidering the activity shown by strips of t®m®, it seems unlikely that 
their sole function is to support the circular fibres as suggested by 
Austorn [1937] 


Sttmuasy 

The actions of adrenaline, acetyl choline, histamine and posterior 
pituitary extract on the intestine of the horse have been investigated 
The Magnus preparation and a perfusion technique were used The 
perfusion method is described in detail 

Propulsive movements of the horse ileum were only produced when 
the perfusion fluid contained red blood cells The oat ileum performed 
propelling movements when perfused with Tyrode’s solution 

In the horse ileum both oral and aboral propulsion occurred, aboral 
propulsion predominating The small colon did not propel its contents 
even when perfused with blood 

Excepting adrenaline, the various humoral agents gave similar effects 
on the Magnus preparation and on the perfused bowel Adrenaline 
produced a rise in tone with httle change in the rhythmic contractions m 
isolated strips of ileum, Tyrode -perfused ileum and isolated strips of the 
circular muscle of the large intestine, whereas it inhibited the move- 
ments of the blood-perfused ileum and small colon Acetyl ohobne 
and histamine caused a rise m tone and usually increased the rate of 
rhythmic contractions Posterior pituitary extract produced httle 
effect on the various preparations of intestine 
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THE ACTION OE CARBON DIOXIDE ON ISOLATED PER- 
FUSED DOG LUNGS By Helen N Duke From the 
Department of Physiology, University of Edinburgh 

[Received Jot publication Hth January 1949 ) 

Binet and BottrliAre [1941] found that inhalation of carbon dioxide 
produced an increase of pulmonary arterial pressure in isolated perfused 
dog lungs, and an increase of lung blood-volume if the concentration 
of C0 3 was less than 50 per cent Previous investigators [Fuhner and 
Starling, 1913] had attributed the rise of pulmonary arterial pressure 
produced by C0 2 in dog heart-lung preparations to cardiac failure 
Carbon dioxide has also been found to have a vasoconstrictor aotion m 
isolated perfused cat lungs [Lohr, 1924] and m the whole anesthetized 
cat [Yon Euler and Liljestrand, 1946], but other investigators using 
the cat heart-lung preparation [Dnnker, Churchill and Ferry, 1926] or 
direct microscopy m anaesthetized cats [Wearn, Emstene, Bromer, Barr, 
German and Zsohiesche, 1934] concluded that CO., had no action on the 
lung blood-vessels 

Some experiments performed in this laboratory [Daly, Duke, Fegler 
and Roughton, 1946] suggested that the effects of C0 3 on dog lungs 
might be somewhat different from those observed by other workers, 
and it was decided that further investigation was required 


Methods 

The experiments were performed on isolated perfused lungs of dogs 
using a technique similar to that described by Berry and Daly [1931] 
Dogs (8-20 kg body-weight) were killed by bleeding from the femoral 
artery which was exposed under local (Novocaine) aneesthesia, and the 
pulmonary artery, left auncle and trachea were immediately cannulated 
Four animals were anaesthetized with chloralose (0 1 g /kg ) before 
bleeding The blood was collected and clotting prevented by the 
addition of hepann. (B D H ) or Liquemin (Roohe) 1000 I U /100 c o 
The lungs were perfused with the animal’s own blood at constant volume 
mnow through the pulmonary artery by means of a Dale-Schuster pump 
o venous return of the lungs was drained from the left auricle cannula 
mto a reservoir which fed the pump In the majority of experiments 
e ood inflow was adjusted to give an initial pulmonary artena 
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pressure of 30 cm blood, but m others lower pressures were used (down 
to 7 5 cm ) 

Of the four animals under chloralose anaesthesia two were kept aiive 
by artificial respiration during the preparations for perfusion The left 
auricle was cannulated, a ligature was placed round the pulmonary 
artery and the animal was bled from the carotid artery direotly into the 
venous reservoir While positive pressure ventilation was still main 
tamed, a cannula was inserted into the pulmonary artery and perfusion 
was begun Perfusion was contmued while the lungs were removed 
from the body and transferred to the negative pressure chamber This 
method ensured that the circulation through the lungs was interrupted 
for only 2 to 6 minutes (instead of 30 minutes or longer) 

The pulmonary arterial pressure and the volume of blood m the 
venous reservoir were recorded m all experiments with the type of 
apparatus recommended by Daly [1938] Changes in pressure indicated 
parallel changes in the resistance of the pulmonary blood-vessels, while 
changes in the venous reservoir volume indicated inverse changes m the 
lung blood-volume [Daly, 1928] 

The lungs were ventilated either by positive pressure using a Starling 
“Ideal” pump, or by means of extrapulmonary negative pressure 


variations ( ca -2 to - 12 cm H a O, 12-18 nun ) 

Changes m the Ventilating Gas Mixture — The gas mixtures used were 
all from commercial cylinders, containing either 5 or 10 per cent Uh 
in air (the error found on analysis was within 1 vol per cent ) When 
positive pressure ventilation was used, a Douglas bag containing t o 
appropriate gas mixture was attached to the input of the Starling 
“Ideal” pump Control gas analyses showed that there was no detect 
able leakage of C0 3 from the bag over the experimental period for wine i 
it was required When negative pressure ventdation ivas used, 0 
carcase of the dog with the lungs in situ was enclosed in a sealed chain cr 
(of approximately 70 litres capacity) and the trachea was connected to a 
T-piece containing Siebe-Gorman inspiratory and expiratory vaHes, 
the inlet and outlet of which were led through the chamber 
Arrangements were made for temporarily connecting the tube from 
expiratory valve to a small recording spirometer so that the volume o 
the expired gas could be recorded for 2 to 3 respirations at frequon 
intervals This measured the tidal air, and it was of the order o 
150-250 o c at the beginning of the experiment A Douglas ag 
containing a test gas mixture could be connected to the mspira ory 


side when desired . . 

This method of administering gas mixtures had two advantag 
the dead space of the apparatus was minimized (to about 100 c c ), 
nnd it was possible to maintain a constant concentration of bU 3 m 
ventilating gas mixture For this latter purpose a closed system 
not been found to be practicable 
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The observations were continued for 4 to 6 hours of perfusion, 
depending on the condition of the preparation No observations were- 
made in lungs after the onset of oedema, which might occur after longer 
periods of perfusion 

Blood samples were taken from the pulmonary arterial tubing into 
glass tonometers, which had been filled with mercury The blood 
oxygen .and carbon dioxide content was estimated by the method of 
Peters and Van Slyke [1932] The analyses were made 2 to 6 hours 
after the samples had been taken, during which time the tonometers 
were stored in a refrigerator 


Results 

Responses io an Increased Concentration of C0 2 m the Ventilating Gas 
Mixture — A change in the ventilating gas mixture from air to air 
containing 5 per cent C0 2 (42 tests in 24 experiments) was followed, 
after a latent period of 10 to 30 seconds, by a decrease in lung blood- 
volume The loss of blood from the lungs was at first rapid, and then 
gradually reached an asymptote after a period which varied from 16 to 
46 mmutes, although the administration of 6 per cent C0 2 was usually 
continued for a longer period The total diminution of lung blood- 
volume was of the order of 20 to 30 o c (see Table I), but some prepara- 
tions were less sensitive (see experiments 2 and 6, Table I) Fig 1 
shows the effect of 5 per cent C0 2 on the pulmonary arterial pressure 


Table I — Expects on the Pulmonary Blood Vessels of Changing the 
Ventilating Gas Mixtures from Air to Air containing 6 per cent CO, 


No of 
Expt 

Weight 
of dog 
kg 

Time from 
start of 
perfusion 
to change 

Duration of 

n/1 ministration 

LBV 
diminution, 
c o 

Maximum 
P.A p change 
cm blood 

of 5 per cent 
CO, 

*2 

17 / 

1 hr 12 mm 

60 mm 

16 

+ 2 5 


i 

2 hr 64 mm 

1 hr 13 mm 

7 5 

+ 3 0 

*3 

12 

3 hr 38 mm 

44 mm 

31 

+ 23 

6 

12 8 

1 hr 45 mm 

1 hr 3 min 

13 

+ 10 

*13 

10 3 

3 hr 25 min 

42 mm 

32 - 

+ 10 

14 

8 

65 mm 

36 mm 

21 

None 

15 

12 8 

1 hr 2 min 

48 mm 

27 

-15 

IQ 

13 8 

57 mm 

42 mm 

24 

-16 

17 

13 0 

53 min 

41 nun 

18 5 

-0 6 

18 

9 0 

57 min 

29 mm 

23 

None 


( 

58 mm 

21 mm 

19 

+ 0 76 

20 

21 0 •! 

2 hr 18 mm 

21 mm 

9 

+ 0 5 


1 

3 hr 45 nun 

21 mm 

9 

+ 0 5 


* Positive pressure ventilation 
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and lung blood-volume in four experiments, and fig 
obtained in one of the experiments shown in fig 1 

A 


2 is a tracing 
Similar reaulti 



Time in 10'- 


1 T 110 effeot of Changing the ventilating gas mixture from air to air 

Thn^vortlnni i^ 0r / CO t The rnitial LJ3 V level is arbitrarily taken as zero 
, -j-j 0 marks the time of the change of gas mixture in each expen 

ment Positive pressure ventilation was used in expenmont No 13 In Nos 14, 
o ana 10 the lungs were ventilated by negative pressure 
^ =lung blood volume P.A p = pulmonary ar tonal pressure 


Table U Effecjtb on the Pulmonary Blood-Vessels op Changing the 
Ventilating Gas Mixture from Air containing 5 per cent CO* to Aib 
CONTAINING 10 PER CENT C0 3 


No of 
Expt 

Weight 
of dog, 
kg 

Time from 
start of 
perfusion 
to ohange 

Duration of 
administration 
of 10 per cent 
CO, 

LBV 
diminution, 
c 0 

Maximum 
P^Ap chango 
cm blood 

*13 

10 3 

4 hr 7 mm 

min 

18 

19 

+ 0-5 : 

15 

12 8 

1 hr 50 mm 

31 

05 

+ 2 25 

10 

13 8 

1 hr 39 mm 

23 


-15 

17 

13 0 

1 hr 34 min 

14 

27 5 


18 

90 

1 hr 20 nun 

“ 1 

15 

Nono j 


* Positive pressure ventilation 
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were obtained when the control respiratory mixture was oxygen and the 
test mixture 5 per cent C0 2 in O a In 5 experiments the gas mixture 
was changed from air containing 5 per cent CO a to air containing 
10 per cent CO a , and a further diminution of lung blood-volume whioh 
varied from 16 to 65 o c then ocourred (see Table H and fig 3) These 
values do not represent the maximum change of lung blood-volume 
which could have been produced by 10 per cent CO a , since, in every test, 
ventilation with 10 per cent CO a was stopped while the lung blood- 
volume was still falling With pure CO a , whioh was administered for 
only a short period (1—3 minutes) m 3 experiments, the lung blood- 
volume diminished more rapidly than with lower concentrations, but the 
full effect of pure CO a was agam not measured, because the period of 
exposure was purposely restricted 

These results were mdependent of the use of ohloralose anaesthesia 
in the preparation, or of the use of positive or negative pressure 
ventilation 

In only 2 experiments out of 26 was CO a without effeot on the lung 
blood-volume On one of those occasions there had been an accidental 
obstruction to the venous outflow for the first hour of perfusion and the 
lungs were coming oedematous On the other occasion the extra- 
pulmonary negative pressure had been purposely increased much beyond 
that normally used, and the lungs were rapidly taking up blood 

When the lungs were ventilated by negative pressure, alterations m 
the COj concentration of the ventilating gas mixtures did not produce 
changes in the tidal air, and control tests made with Douglas bags 
filled with air instead of a test gas mixture gave negative results (see 
fig 4) Thus mechamcal sources of error due to changes m bronchial 
cahbre and alterations of mtra-alveolar pressure were excluded 

Changes in pulmonary arterial pressure were not so consistently 
observed as were changes in lung blood-volume A slight initial 
increase of pulmonary arterial pressure, which was seldom maintained 
during the whole period of administration of the gas mixture containing 
excess CO a , was observed m approximately 60 per cent of the tests 
hig 4 shows an mcrease of pulmonary arterial pressure following 
ventilation of the lungs with 5 per cent CO a m air (from air) In another 
experiment the pulmonary arterial pressure subsequently fell to below 
its original level 10 mmutes after the change m gas mixture without any 
effect on the rate of di mi nution of lung blood-volume An mcrease 
of P A p m response to 6 per cent CO a was seen m all the experiments 
m which positive pressure ventilation was used, and m these the tidal 
air was approximately 20-30 c c /kg body -weight Of 16 tests made m 

consecutive experiments m which negative pressure ventilation was 
use , 6 presBor responses were obtamed The tidal air was greater 
an ^ c c /kg body-weight m each of these, but was less than 
c c /kg body-weight m 9 out of the other 1 1 tests Applying the yf 
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Fia 3 — Expt 16 Dog, I j <, j~ K „ , rf 

i 1’1’nm m <• began at JJ^o^Ef 68 * 1110 ' ,cntlIatl °o- Perfusion 

r 12 32 p m Change from air to iir ronlaml f 
, „ ,, _ *“ 2 52 o o ntamrng 5 per cent CO, (at signal) X.dal 

12 56 p m Tidal air 215 o c 
. 1 24 pan Change from air containing * „ , 

1 st CO, (at signal) Tidaf^/^OO c 0 * £ ° U ‘ r con ' aLmn g 10 P° r 

155 pan Change from air centamsirin J, ° C „ 

Tidal air 200 c c S P ° r ctnt CO, to air (at signal) 
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test [Bradford Hill, 1945], ** = 6 32 and p is less than 0 01 Thus the 
presence or absence of a pulmonary pressor response may be related to 
the volume of the tidal air The concentration of C0 2 inhaled also 
determined to some extent whether or not a pressor response was 



Pio 4.— Expt. 24 Dog, 16 3 kg Chloraloa© 0 1 g /kg given before biee<ling 
Circulation through lungs stopped for 2 minutes between death of a n i mal and 
perfusion. Eerfusion started at 12 38 p m 
a 3 19 p.m Change from air to air containing 5 per cent CO a 
Tidal air 450 c o 

6 4 17 pm. Control test with Douglas bag of air 

Negative pressure 0 to — 16 cm H a Q at a 0 to — 10 
cm HjO at b 

observed Thus in fig 3 no increase of pulmonary arterial pressure 
followed the administration of 5 per cent C0 3 , but increasing the 
concentration of C0 2 to 10 per cent produced a rise of pulmonary 
arterial pressure 

These observations suggest that the increase in pulmonary arterial 
pressure which was sometimes observed was related to the rate of 
morease of the alveolar concentration of CO s This was also suggested 
by Hebb and Nimmo-Smith [1948] as a reason for the differences 
between their results on dog and Macacus rhesus lungs 

The methods used in this senes of experiments produced very large 
changes m blood C0 2 content After the lungs had been ventilated 
with air for about one hour, the concentration of C0 2 m the pulmonary 
arterial blood was sometimes as low a3 3 0 vol per cent , while 40 to 50 
minutes after changing to 5 per cent C0 2 m air it was of the order of 
30 vol per cent , and ventdation with 10 per cent C0 2 for 15 to 30 
minutes increased it still further to at least 50 vol per cent The 
oxygen content of the artenal blood remained nearly constant m each 
experiment (with variations of less than 1 vol per cent ), and varied 
etween 16 and 20 vol per cent m different experiments It was not 
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a b ode 

Fla 2 — Expt 14 Dog, 8 0 kg Chioralose (0 1 g [kg ) given before bleeding 
Negative pressure ventilation Perfusion began 11 45 ajn. 
a 12 35 p m Ventilation with air 

b 12 37 p.m Arrow and signal mark time of change to 5 per cent CO, in air 
The increased volume of blood in the V R shows a decrease of 
LBV 

c 12 47 pan 
d 1 00 pan 

« 1 16 pun Change to air at signal and arrow 

No change m P A p , whioh remained at 30cm blood 
V R = venous reservoir 
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■Expt 15 Dog, 12 8 kg Negatno pressure ventilation Perfusion 
began at 1 1 30 a m 

12 32 p m Change from orr to air containing 5 per cent CO, (at sign all T«ku 
air 252 c c 

Tidal air 215 c c n 

Change from air containing 5 per cent CO, to air containing loptr 
cent CO, (at signal) Tidal air 200 c c 
Change from air containing 10 per cent CO, to air (at signal) 
Tidal air 200 c o 


12 50 p m 
1 24 pm 


d 1 55 pan 
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Table Hf 




Lung blood volume 

Blood C0 t content 

No of 

Time from start of 

change c c from an 

volume per cent 
at time of test 

Expt 

perfusion to test 

arbitrary initial 



zero 



0-1 hr 45 mm 

+ 35 

3 82 

6 \ 

2 hr 48 mm 

- 13 

33 01 

1 

3 hr 38 min 

+ 68 

3 42 

13 { 

2 hr 30 mm -3 hr 25 mm 

+ 15 

10-4 44 

4 hr 7 mm 

-32 

28 93 

f 

0-1 hr 2 mm 

+ 35 

8 42 

16 1 

1 hr 50 min 

-27 

34 76 

l 

2 hr 21 nun 

-55 

62 03 

r 

0-0 hr 57 mm 

+ 18 

12 02 


1 hr 2 mm 

- 7 

27 08 

16 i 

1 hr 39 nun 

-17 

34 62 

1 

2 hr 2 nun 

-30 

52 35 


2 hr 29 mm 

+ 49 

21 09 

r 

0-0 hr 53 mm 

+ 33 5 

8 25 

■ 

58 mm 

- 6 

28 33 

1 hr 34 mm 

-12 5 

35 65 

Hi 

1 hr 48 mm 

-27 5 

51 74 


gas analysis In the experiment of fig 6, the CO a response, -which 
had been much reduced after dihydroergotamme, was again improved 


/ 



Fia 6 Expt 25 Dog, 15 0 kg Perfusion began at 1103 a,m Negative 
pressure ventilation 

a 1 17 pm b 2 00 pm c 2 12 p m 

Ventilation was with air, and a change made to 10 per cent 
CO a in air between the signals 
2 mgm dihydroergotamme given between a and 6 at 1 47 pm 
(concentration in blood 1 226,000 ) 

Tho lungs were inflated onco by positive pressure between 
o and c 

imr I'-t-tj-n- -*? 10 to P row °f figures is the tidal air in o o 
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perfQsion°fmd 0 for thf 116 VoIame of biood m tbe 1,2 a g a at the beginning of 

LTSoo'd vl° » ^ “ 0n “ n ° 6 p ° M ‘ bl ° “> «« ”» 

tot r™“r ceatoge ch “e“‘ of- «» total volume „7| Li 
the torflt,™ Z ’ “l“ y 0M the amount of blood » 

the CO non f ti,™ ar barary nutial value was inversely related to 
the CO, content of the arterml blood (see fig 6 and Table m) 



DrtomU^UIoiMtaml'tUn 0 a Oonshjp between the CO, content of tlio puhnonarj 
dotted from nn nnh tl 111116 ° f b J ood “ the lungs The lung bloocf volume u 

earned out under ZGr ° ^ wo ox P enm onta are shown, both of which wore 

earned out under negative pressure ventilation The tunes of the changes of gas 

i a . mixtures are shown thus 

.fe^ept 10 a Air to air containing 5 per cent CO. 

*1 ^nt'uningfipercent C0 3 to air containing 10 per cent C0 r 
•- f i k -Air containing 10 per cent CO, to mr 
haxpt 15 a Air to air containing 5 per cent CO, 

containing 5 por cent CO, to air containing 10 per cent CO, 


Expt 15 a 
b 


The response of the pulmonary blood-vessels to C On tv as not sup 
pressed bv ergotoxme ethane sulphonate (4 e\pts ) or by dilndro 
ergotanune (Sandoz) (2 expts ) Both drugs were injected mto the 
pulmonary arterial tubing to give blood concentrations (1 400,000- 
1 200,000) which were sufficient to reverse or to inhibit the pulmonarv 
pressor response to adrenaline The CO, response was usually reduced 
after ergotoxm© and ergotamme Smce both these drugs diminished 
the tidal air, it appeared likely that they also diminished the amount 
of COo admitted to the alveolus, a view which was supported by blood 
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obtained a reversal of the C0 3 response in eat lungs after muoh larger 
doses of adrenaline 


Discussion 

When carbon dioxide is administered to isolated perfused dog 
lungs m the conditions described in these experiments, the capacity of 
the vessels decreases and the pulmonary arterial pressure frequently 
shows 5 to 20 per cent increase Brnet and Bourli&re [1941] and Nisell 
[1948] have also reported a pulmonary pressor response to C0 3 in the 
isolated lungs of dog and cat respectively Hebb and Nimmo-Smith 
[1948] found that, while CO. produced marked increases of pulmonary 
arterial pressure in isolated Macacus rJi&sus lungs, it was without effect 
on the pulmonary arterial pressure of isolated dog lungs when given by 
their method Bmet and Bourliere [1941] have reported, however, 
that carbon dioxide causes an increase in lung blood-volume when 
it is given in concentrations of less than 50 per cent Only when the 
concentration of carbon dioxide m the ventilating gas mixture is over 
50 per cent is the lung volume decreased The reason for the dis- 
crepancy between their results and those now reported is obscure 
Anesthetization of the animal with ohloralose before bleeding is 
apparently not a contributing factor Bmet and Bourli&re [1941] have 
found greater increases of pulmonary arterial pressure than those which 
were obtained in these experiments, and this may possibly be correlated 
with their larger tidal air values [see Bmet and Bargeton, 1939-40] 
It was thought that the air-oushion on the output side of their 
pump might lead to errors m measurement of the volume of blood 
m the venous reservoir, because a sudden increase of pulmonary 
arterial pressure would tend to mcrease the volume of blood m the air- 
cushion However, on testing this possibility by using a similar air- 
cushion with the Dale-Schuster pump, no such capacity effeot could be 
obtained 

The pulmonary vascular response to C0 2 is not suppressed or 
reversed by either ergotoxme ethane sulphonate or dihydroergotamme, 
nor has atropine sulphate any effeot This indicates that the effect 
is not likely to be mediated by adrenergic or cholinergic nervous 
elements, and that m all probability the effect is direotly on the vessel 
wall 

It is not possible to decide which pulmonary vessels take part in the 
response to the C0 3 A pulmonary arterial pressor response is not 
consistently seen, which suggests that the arterioles are not primarily 
concerned The short latent period before the beginning of the response, 
w Inch was only the time required for a complete circulation of the 

ood m the apparatus, also appears to exclude an initial action of C0 3 
on t e pulmonary arterioles It is doubtful whether such large lung 
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pressure 6 ^ restored b y inflating the lungs under positive 

1 500 nnnH f ? tr °IT Sulphate to the blood 1 400,000- 

’ no lrLblbl ^ or otherwise affeot the pulmonary vascular 

response to CO a (3 expts ) * 

,7 R es P 0nse of the Pulmonary Vessels to Adrenaline during Ventilation of 
ie ngs wit 5 per cent C0 2 m Air — Adrenaline was mjected into 
lie pulmonary artery m 13 experiments to see if variations in blood CO 
content had any effect on the response of the lung blood-vessels rn ' 


'5 

The 



( . X P^ 3 Dog, 12 0 kg 540 o c blood m apparatus Blood flow 
310 c c /nun. Perfusion began at 11 05 a .in Positno pressure ventilation 
aO PS adrenaline was injected into the pulmonary artery every 10 minutes 
throughout the experiment 

a 2 30 p.m Ventdation on air 10 jig adrenaline at A 
b 2 43 p m Change to air containing 5 per cent COj at signal and arrow 
c 3 20 pan 37 min utes after changing to air containing 5 por cent CO% 
10 /jg adrenaline at A 


dose of adrenaline was kept constant m each experiment (5—20 jig of 
Parke Davis’ solution with chloretone) and tests were repeated at 
10-minute intervals The response was always the same — there a as a 
transient rise in pulmonary arterial pressure and a coincident increase 
in the venous outflow There «as no difference m the responso alien 
air or air containing 5 per cent C0 3 was used to ventilate the luugSr 
as shown by fig 7, m which 10 jag adrenaline were injected into the 
pulmonary artery before and during administration of 5 per tent CO t 
m air Additions of adrenaline to the blood did not vary the usual 
pulmonary vascular response to 5 per cent CO-, although Lohr 


Action of Carbon Dioxide on Isolated Perfused Dog Lungs 36 

obtained a reversal of the C0 3 response in cat lungs after muoh larger 
doses of adrenaline 


Discussion 

When carbon dioxide is administered to isolated perfused dog 
lungs m the conditions described in these experiments, the capacity of 
the vessels decreases and the pulmonary arterial pressure frequently 
shows 6 to 20 per cent morease Bmet and Bourh&re [1941] and Nisell 
[1948] have also reported a pulmonary pressor response to C0 2 in the 
isolated lungs of dog and cat respectively Hebb and Nimmo-Smith 
[1948] found that, while C0 2 produced marked increases of pulmonary 
artenal pressure in isolated Macacua rhesus lungs, it was without effect 
on the pulmonary artenal pressure of isolated dog lungs when given by 
then method Bmet and Bourliere [1941] have reported, however, 
that carbon dioxide causes an increase in lung blood-volume when 
it is given in concentrations of less than 50 per cent Only when the 
concentration of carbon dioxide in the ventdating gas mixture is over 
60 per cent is the lung volume decreased The reason for the dis- 
crepancy between their results and those now reported is obscure 
Anesthetization of the animal with chloralose before bleeding is 
apparently not a contributing factor Bmet and Bourliere [1941] have 
found greater increases of pulmonary arterial pressure than those which 
were obtained m these experiments, and this may possibly be correlated 
with their larger tidal air values [see Bmet and Bargeton, 1939-40] 
It was thought that the air-cushion on the output side of their 
pump might lead to errors m measurement of the volume of blood 
in the venous reservoir, because a sudden increase of pulmonary 
artenal pressure would tend to increase the volume of blood m the air- 
oushion However, on testing this possibility by using a simdar air- 
cushion with the Dale-Schuster pump, no such capacity effect could be 
obtained 

The pulmonary vascular response to C0 2 is not suppressed or 
reversed by either ergotoxme ethane sulphonate or dihydroergotamme, 
nor has atropine sulphate any effect This indicates that the effect 
is not likely to be mediated by adrenergic or cholinergic nervous 

elements, and that m all probability the effect is directly on the vessel 
wall 

It is not possible to decide which pulmonary vessels take part m the 
response to the C0 2 A pulmonary artenal pressor response is not 
consistently seen, which suggests that the arterioles are not primarily 
concerned The short latent penod before the beginning of the response, 
w ich was only the time required for a complete circulation of the 

ood m the apparatus, also appears to exclude an initial action of C0 2 
on e pulmonary arterioles It is doubtful whether such large lung 
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10-mmute intervals The response was ahval tl WBI6 repeated at 
transient rise in pulmonary arterial pressure anr? 6 Same ~ there was a 
m the venous outflow There was no difference. n !? mcident mcf caso 
air or air containing 5 per cent COo was used J ! , response "hen 
as shown by fig 7, m which 10 no ' adrenaline venfcdate tp o lungs, 
pulmonary artery before and during admmisLtioTnf mt ° the 
in air Additions of adrenaline to the blood did nnf ° P ° r C ,° nt C0 = 
pulmonary vascular response to 5 per cent C0 2 , althoug^LdSm [lO^j 
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obtained a reversal of the C0 2 response in cat lungs after much larger 
doses of adrenaline 


Discussion 

When carbon dioxide is administered to isolated perfused dog 
lungs in the conditions described in these experiments, the capacity of 
the vessels decreases and the pulmonary arterial pressure frequently 
shows 5 to 20 per cent increase Binet and Bourli&re [1941] and Nisell 
[1948] have also reported a pulmonary pressor response to CO a m the 
isolated lungs of dog and cat respectively Hebb and Nnumo-Smith 
[1948] found that, while C0 2 produced marked increases of pulmonary 
arterial pressure m isolated Macacus rhesus lungs, it was without effect 
on the pulmonary arterial pressure of isolated dog lungs when given by 
their method Binet and Bourhere [1941] have reported, however, 
that carbon dioxide causes an increase in lung blood-volume when 
it is given in concentrations of less than 50 per cent Only when the 
concentration of carbon dioxide in the ventilating gas mixture is over 
50 per cent is the lung volume decreased The reason for the dis- 
crepancy between their results and those now reported is obscure 
Anesthetization of the animal with chloraiose before bleeding is 
apparently not a contributing factor Binet and Bourlidre [1941] have 
found greater increases of pulmonary arterial pressure than those which 
were obtained m these experiments, and this may possibly be correlated 
with their larger tidal air values [see Binet and Bargeton, 1939-40] 
It was thought that the air-cushion on the output side of their 
pump might lead to errors in measurement of the volume of blood 
in tbe venous reservoir, because a sudden increase of pulmonary 
arterial pressure would tend to increase the volume of blood m the air- 
cushion However, on testing this possibility by using a similar air- 
cushion with the Dale-Schuster pump, no suoh capacity effect could be 
obtained 

The pulmonary vascular response to C0 2 is not suppressed or 
reversed by either ergotoxme ethane sulphonate or dihydroergotamine, 
nor has atropine sulphate any effect This indicates that the effect 
is not likely to he mediated by adrenergic or cholmergio nervous 
elements, and that m all probability the effect is directly on the vessel 
wall 

It is not possible to decide which pulmonary vessels take part in the 
response to the CO. A pulmonary arterial pressor response is not 
consistently seen, which suggests that the arterioles are not primarily 
concerned The short latent period before the beginning of the response, 
which was only £-4 the time required for a complete circulation of the 
blood m the apparatus, also appears to exclude an initial action of C0 3 
on the pulmonary arterioles It is doubtful whether such large lung 
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blood-volume changes as have been observed could be accounted for by 
a capacity effect due to venous constriction alone, and the. simplest 
explanation of the action of C0 2 is that it causes constriction of the 
pulmonary capillaries, with or without concomitant constriction of the 
veins It is also possible to visualize a more complex effect which would 
involve passive or active vasodilatation m some areas of the pulmonary 
vascular bed occurring simultaneously with a greater vasoconstriction 
elsewhere In this event resistance effects might be minimized but the 
lung blood-volume changes would be large 

Isolated perfused lungs may be unsuitable preparations on which to 
test the effects of C0 3 In these experiments it was found that the 
blood in the pulmonary artery usually contained less C0 3 and more 0 3 
than mixed venous blood, and there can be no assurance that the 
pulmonary vessels of the normal lung, which are under very different 
conditions, will react to C0 2 like those of the isolated lung However, 
the results of Sjostrand [1935] and Hochrem and Keller [1932] indicate 
that there is a diminution in the lung blood-volume of mtaot mice and 
dogs after inhalation of gas mixtures containing high concentrations 
of CO a , and Von Euler and Ldjestrand [1946] have found a pulmonary 
pressor response to C0 3 m anaesthetized cats 

SUMMABY 

1 Isolated dog lungs under negative or positive pressure ventdation 
have been perfused with blood through the pulmonary artery at constant 
volume inflow The response of the pulmonary vessels to various 
concentrations of C0 3 in the ventilating gas has been observed 

2 The capacity of the pulmonary blood-vessels is markedly 
diminished by increasing the concentration of C0 3 inhaled from the 
small percentage present in atmospherio air to 5 or 10 per cent , and the 
pulmonary arterial pressure frequently shows a 5 to 20 per cent increase 

3 The lung blood-volume shows an inverse relationship to the C0 3 
content of the arterial blood 

4 The effect of adrenaline on the pulmonary vessels is not altered 
during ventdation of the lungs with 5 per cent C0 2 m air 

5 The response to C0 3 is not inhibited by ergotoxme or by atropine 

6 The possible site of action of C0 2 is discussed 

Acknowledgments 

I should like to thank Professor de Burgh Daly for much help and advice, 
and also Miss Catherine 0 Hebb for assisting m the discussion of results 

Mr G E Moseley gave me valuable technical assistance m some of the 

^Softhe expenses of this research were defrayed by a grant from the Earl 
of Moray Fund 



Action of Carbon Dioxide on Isolated Perfused Dog Lungs 37 


REFERENCES 

Berry, J L , and Daly, I de Burgh (1932) Proc Roy Soc , B, 109, 319 
Binbt, L , and Bargeton, D (1939-40) J Physiol Path gin 37, 1217 
Binet, L , and Bourliere, F (1941) C R Soc Biol Pans, 135, 449 
Bradford Htll, A (1945) Principles of Medical Statistics 3rd ed London 
Daly, I de Burgh (1928) J Physiol 65, 422 
Daly-, I de Burgh (1938) Quart J exp Physiol 28, 357 
Daly, I de Burgh, Duke, H , Fegler, J , and Roughton, F J W (1945) 
Unpublished experiments 

Drinker, C K , Churchill, E D , and Ferry, R M (1926) Amer J 
Physiol 77, 590 

Euler, U S von, and Lilts strand, G (1946) Acta Physiol Scand 12, 
301 

FOhnek, H , and Starling, E H (1913) J Physiol 47, 286 

Hebb, C 0 , and Nimmo Smith, R H (1948) Quart J exp Physiol 34,159 

Hoohrein, M , and Keller, C (1932) Kim Wschr 11, 1574 

Lour, H (1924) Z ges exp Med 39, 67 

Nisell, 0 (1948) Acta Physiol Scand 16, 121 

Peters, J P , and Van Slyke, D D (1932) Quantitative Clinical Chemistry, 
vol 2 (Methods) Baltimore 
Sjo strand, T (1935) Sland Arch Physiol , Suppl 71 
Weabn, J T , Ebnstene, A C , Broker, A W , Barr, J S , German, W J , 
and ZsomESOHE, L J (1934) Amer J Physiol 109, 236 




THE CHANGES IN PLASMA AND TISSUE FLUID VOLUME 
FOLLOWING EXERCISE By H CunLHMBiHE and A C E 
Koch From the Department of Physiology and Pharmacology, 
University of Ceylon, Colombo 

(Received for publication 4th February 1949 ) 

Thebe is ample suggestive evidence that muscular exercise may 
produce marked changes in. the distribution of water in the body 
Barcroft and Kato [1915] demonstrated that there was an increase in 
the weight of skeletal muscle during activity Fenn el al [see Fenn, 
1936] have shown that there is an mcrease m the volume of extra- 
cellular fluid in the muscles of the rat and the frog following violent 
stimulation Muscular exercise m man produces an increased con- 
centration of the blood [Dill et al , 1930], while Gregersen [1911] has 
reported an experiment on one subject in whom the plasma volume 
(measured by means of the dye, T-1824) decreased by 16 per cent 
following exercise To obtain a more precise estimate of the magnitude 
of these ohanges, simultaneous determinations of plasma volume and 
tissue fluid volume before and after exercise have been made 

Methods 

Thirteen Ceylonese adult males were used as subjects They 
rested for two hours before the commencement of the experiment and, 
except when exercising, they remained seated throughout the experi- 
ment No fluid was taken by the subjects for 3 hours before the 
exercise and for at least 2 hours after the exercise The exercise 
consisted of stepping up and stepping down from a stool 20 inches high 
and at a rate of 30 “step-up and step-down” cyoles per minute The 
exercise rate was maintained by means of a metronome and was 
performed for five and, in some cases, ten mrnuteB Such exeroise oan 
be considered to be moderate in seventy, and Cogswell et al [1946] 
have shown that it produces a “steady state” in oirculatory and 
respiratory responses 

In the first experiment, for which 6 subjects were used, the procedure 
was as follows — 

After two hours’ rest a sample of venous blood was withdrawn, and 
then about 10 c o (the actual volume varied a little from subject to 
subject but was carefully measured m each case) of a solution conta inin g 
50 mg Evans Blue dye and 500 mg sodium thiooyanate per 10 c o 
was injected intravenously Venous blood samples were withdrawn 
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5, 10, 15, 20, 40, 60, 90 and 120 minutes later To mminuse htemolysis 
the blood samples were collected with paraffined syringes and needles 
and delivered into paraffin-coated centrifuge tubes containing 500 units 
Heparm (0 5 ml ) The subjects exercised for five minutes lmiuediatelj 
before the 40-minute blood sample was collected 

Hamiatoent readings were taken on the pre-injection, 20-, 40-, C0- 
and 90-minute samples Blood and plasma specific gravities were 
estimated by the copper sulphate technique of Phillips el al [1945] on 
all samples From these specific gravities the plasma protein con- 
centration was determined 

The concentrations of Evans Blue dye and of sodium thiocyanate m 
the plasma were determined for each sample The Evans Blue uas 
estimated after extraction by the method of Crooke and Moms [1942] 
and the sodium thiocyanate by the method of Bowler [1944] Headings 
were made m a Spekker photoelectric colorimeter 

The air temperature was 82 4° F and the relative humidity 78 per 
cent 

Results 


The “available fluid” volume was calculated by dividing the 
milligrams of thiocyanate injeoted by the milligrams of thiocyanate 
per litre of plasma [Gregersen and Stewart, 1939] This volume corre- 
sponds to “Space A” of Stewart and Rourke [1941] and Kaltreider el al 
[1941] “Interstitial fluid” volumes were calculated by subtracting 
the plasma volume and 70 per cent of the red cell volume from the 
available fluid volume 

The relevant results are given diagrammatically in fig 1, and the 
magnitude of the volume changes is indicated m Table I 

Tabus I — Variations in the Volume or the Born Fluids .after 
Moderate Exercise 
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of the nature 

me ™ pl f sma P r °tem content and theh^mT^Z ^ evidenced by the 

Bus haemoconcentration i. reflects 

which is indicated by the changes in thell ^ fi ? t m pla8ma voIuiue . 
® Ue dye This fab in plasniaToW **“*» of «» 

^ magnitude in the different subjects ThT i ** 225 to S0 ° c ° 
retnm to normal for 40 to 60 minutes^fter^h/ V ° Jume does not 
There is also a fall m thl tter tbe exerc ^e 

fonoivmg the exercise In ,° f pksma tluo ^nate 

reached a constant level before the L*r, h pla3ma thiocyanate had 
uniformly distnbuted in th thloc ^nate was 
concentration returned to its constant wf i° f th ° bod ^> aad the 
exercise This fall in plasma tCclaL te l T 1 W after <*e 
increase m the available fluid volume and 0acordratlon indicates an 
table that the interstitial fluid volume alsn m ^ be SC ° U from the 
interstitial fluid volume would be expect T, S ° me mcrease 111 
the circulation would have passed mtZth^’t ° th ° P lasma lost from 
the mcrease m interstitial fluid volume w “ t6 ” tltiaI 8 P aces However, 
be accounted for by mere plasma cbmLon £***' ^ ater tha n can 
produced by the increased metabolism dunno- esun J a bly the water 
aided m this nse m interstitial fluid volume § ^ UsouI “ r 0X6rcise bas 
maximum nse m available fluid volume, o I cases to ° the 

To ensure that the vanations in thA r,ia„ m , 

Evans Blue dye concentrations were caused bv thf™ tluocyanate and 
ment was repeated on 4 of tbe 6 subjects ^ 6Xpen ' 

was performed In these instances no 11 ° “° exercise 

concentration of Evans Blue dye and no fafl m the '* the 

sodium thiocyanate were found for three k l concentration of 
mjection (see fig 2) 1118 su bsoquent to the 

Tbe procedure adopted to demonstrate the chance m , 

after exercise cannot give a measure nf th* „ k 6 > m pliusma volumo 

after exercise, and, m Sill Xmtan of the^mf^"” TO,U '“ 
normal pre-e^reise level may be m„ked by tt! d ^" e to ) ts 

circulation To obtam a more accurate measure of tlm i ^ ^° m tbe 
immediately after exercise and to ascertain more precisefy^V 7° 
return to normal, a different procedure was adopted 3 * tlme f ° r 
Seven fresh subjects were used A control sample nf hi* , 
obtamed, and then the Evans Blue dye and tbe sodium th d Ua3 
injected intravenously Blood samples vere obtamed JO T’jo"™ 
and 90 minutes after this mjection When the aO-mmute’sam’ple had 
been taken, the subjeots at once performed the Harvard Te fc f 
5 mrnutes Immediately on completion of the exercise 5 c c ofl 
cent Evans Blue dye solution ivas injected intravenously and further 
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venous blood samples obtained 10, 20, 40, 60 and 90 minutes after the 
exercise All the blood samples were analysed as before and, in this 
way, an estimation of the plasma volume before and after exercise was 






Tima in mlnatca after injections of dya and thiocyanate 
Fig 2 — Variations in body fluid volumes — resting subjects 


obtained [Overbey et al , 1947 , Cruickshahk and Whitfield, 1945] 
The air temperature was 84 3° F and the relative humidity 83 per cent 
The results are summarised m Table II 


Table 31 — Variations in the Volume of Plasma and Available 
Fluid after Exercise 


Subject 

Plasma volume 
in c o 

Time to 
return to 
normal in 
minutes 

Available fluid 
volume in btres 

Ills tie 1 ij 

Time to 
return to 
normal m 
minutes 

Before 

exercise 

After 

exercise 

Before 

exercise 

After 

exercise 

H 

2130 

1840 

25 

11 440 

12 06 

10 

40 

K9 

2250 

1900 

25 

13 103 

13 900 


60 


2450 

« |n$ 

25 

13 103 

14 040 

40 

60 




30 

13,320 

14 450 

40 

60 

m 

3100 


75 

14 70 

15 85 

00 

90 

a f 

2950 

■ 

75 

12 40 

13 10 

60 

90 

MU 

2450 

■ 

00 

10 88 

11 88 

60 

90 
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Again it is obvious that the plasma volume decreases and the 
available fluid volume increases after exercise 

Subjects 11, 12 and 13 performed the Harvard Test for 10 mmutes 
The fluid volume changes are not noticeably more with the longer 
exercise, though the individual variation is too great and the number 
of subjects too small to justify a precise statement However, after 
the longer exercise the available fluid does seem to increase for a longer 
time than with the shorter exercise In all cases the maximum avail- 
able fluid volume occurred later than the maximum fall in plasma 
volume, and, indeed, in some cases the plasma volume had returned to 
normal while the total available fluid was still increasing m quantity 


Discussion 

As suggested by the results of earlier workers [Gregersen, 1941, 
Dill et al , 1930], exercise results in a decrease m the plasma volume 
In our experiments there were wide individual variations in the amount 
of fluid leaving the blood-stream (225 to 800 c c ), but in all cases the 
loss of fluid occurred rapidly, and this loss was restored within 20 to 30 
mmutes for exercise of 5 mmutes’ duration and within about 75 minutes 
for exercise lasting 10 mmutes 

Even greater changes occurred in the volume of “available” and 
“interstitial” fluids Here, too, wide individual variations in response 
occurred (e g 0 604 to 2 29 litres was the range of inorease m available 
fluid volume) The maximum increase m the available and interstitial 
fluid volume m 11 of the 13 subjeots ocourred 20 to 00 mmutes after the 
cessation of the exercise and the occurrence of maximum hsemo- 
concentration The longer the duration of exercise, the longer was the 
persistence of these increased available and interstitial fluid volumes 
These fluid volumes were calculated after estimatmg the plasma con- 
centration of sodium thiocyanate, and the changes m the concentration 
of this substance produced by exercise could be interpreted in other 
ways Thus exercise may have induced a greater rate of excretion of 
sodium thiocyanate in the unne If this had occurred, then we should 
not expect the plasma concentration to return, a3 it did, fairly rapidly 
to its pre-exercise level Or it may be suggested that, during exercise, 
part of the sodium thiocyanate is removed from the body fluids and 
becomes an intracellular constituent After exercise this intracellular 
codium thiocyanate would have to be released to restore the plasma 
concentration In the absence, at present, of any evidence to support 
this we must assume that the changes in plasma sodium thiocyanate 
concentration following exercise reflect changes m the volumes of the 

body fluid a 
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Estimations of the total body water before and after exercise would 
help in the interpretation of our results Painter [1940] has used urea 
and sulphamlamide for estimating the total body water in dogs Their 
nse in man would be complicated by the alteration in the rate of excretion 
of urea by the kidney during exercise, and the fact that sulphamlamide 
is conjugated m the liver of man but not m dogs The Appendix 
gives details of age, height and weight of the 13 subjects 


APPENDIX 

Age, Height and Weight ob the Subjects Examined 


Subjects 

Age, 

years 

Height, 

cm 

Weight, 

lb 

■ 

21 

179 

148 


22 

173 

143 


23 

150 

94 

10 

22 

162 

151 

3 

25 

154 

101 


31 

163 

89 


19 

156 

92 


22 

157 

90 

6 

24 

105 

118 

4 

21 

164 

113 

1 

48 

158 

140 

9 

36 

150 

125 

8 

24 

153 

98 


Sttmmaby 

Simultaneous determinations of plasma volume and tissue fluid 
volume before and after exercise have been made m 13 male Ceylonese 
Exercise produces a prompt decrease in plasma volume, and a slower 
but greater increase in available fluid and interstitial fluid volume 
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COJIMUNICATING BLOOD VESSELS BETWEEN BRONCHIAL 
AND PULMONARY CIRCULATIONS IN THE GUINEA- 
PIG AND RAT 1 By Pbabhasohaedba Rakshit Erom 
the Departments of Physiology, University of Edinburgh, and 
B J Medical College, Ahmedabad (Bombay) 

(Received for publication 15th February 1949 ) 

The bronchial arteries originally described by Marchetti [1664] and 
later by Reisseissen [1822] and Luschka [1863] have been examined m 
a number of animal speoies [Miller, 1906, 1907, 1919 b, 1937] For the 
most part they arise from the aorta and intercostal arteries, and supply 
all the tissues of the lung and the respiratory tree as far as the respiratory 
bronchioles There is some variation in the blood-supply of the pleura 
pulmonahs in different ammal species, for it is supplied by the bronchial 
arteries in man, the sheep and the horse, but in the dog the pulmonary 
arteries are the chief source of supply [Miller, 1937] 

It is generally accepted that the capillaries of the bronchial vascular 
system in the region of the respiratory bronchioles communicate with 
those of the pulmonary circulation The drainage of blood from the 1st, 
2nd and 3rd order of bronchi is by way of the bronchial veins and 
from the more distal part of the respiratory tree by the broncho- 
pulmonary veins [Miller, 1937, Berry and Daly, 1931, Daly, 1938] 
The bulk of evidence is against the existence of communicating vessels 
between the bronchial and pulmonary arteries [Berry, Bradsford and 
Daly, 1931, Daly, 1936] 

Under certain pathological conditions it has been found that the 
bronchial arteries may increase in size and m number and also establish 
a greater communication with the pulmonary circulation than normally 
(Guillot, 1845, Virchow, 1847, 1851, 1856, Kuttner, 1874, 1878, Guyot, 
1906, Christeller, 1916, Wood, Crever and Miller, 1937, Karsner and 
Ash, 1912, Karsner and Ghoyreb, 1913, Schlaepfer, 1923, Holman 
and Mathes, 1929] Under these conditions it is possible that bronchial 
arterial vessels may open directly into pulmonary arterial branches 
It was observed, however, by Daly [1938] that in apparently healthy 
guinea-pigs killed by a neok-blow, the appearance m the pulmonary 
vascular bed of material mjeoted into the aorta was more rapid than if 

1 Observations collated from a thesis presented for the Ph D degree of the 
University of Edinburgh, January 1940 
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injected into the pulmonary artery itself The phenomenon was so 
striking that he suggested it might be accounted for by pulmonary 
vasospasm due to the procedure adopted for killing, and by the existence 
of communicating vessels between the bronchial and pulmonary arteries 
The phenomenon had not been observed in similar experiments on 
dog lungs 

The aim of the experiments to be desonbed was to discover whether 
m healthy guinea-pigs and rats bronchial artenal and pulmonary arterial 
communicating vessels could be demonstrated 


Methods 


(1) Injection of a celloidin mass (3-7 per cent followed by a 7-10 
per cent solution) coloured with alkalrn (Sohermg) mto the pulmonary 
artery, aorta and pulmonary veins, with subsequent digestion of the soft 
tissues with hydrochloric acid and examination of the casts with the aid 
of a dissecting microscope The celioidm was prepared according to the 
method of Hinman, Momson and Brown [1923] 

(2) Injection of (a) carmine gelatine (12 5 per cent ), (6) Nicholson's 
blue gelatine (10 per cent ), or (c) Prussian blue glycerine mass (Beale) 
Their preparation is desonbed by Rakshit [1940] They were injected 
mto one or mto both artenal systems Frozen and paraffin sections of 
the mjeoted lungs were then prepared and senal sections examined 
under the microscope 

In both methods the animals were killed by a blow on the neck and 


then placed on a warm tray The thorax was opened and the roots of 
the pulmonary artery and aorta defined by blunt dissection Loose 
ligatures were placed around these vessels The mam branches of the 
aorta and the descending parts of the aorta below the level of the lung 
hilus were ligated Cannulae were inserted mto the aorta and pulmonary 
artery The right auricle was opened In the majority of animals 
warm saline was run through the aorta alone until the effluent from the 
right auricle wa 3 clear In the remaining experiments salme was also 
run through the pulmonary artery until the effluent from the left 
auricle was clear 

The injection material was kept m warm pressure bottles placed at 
the head of the animal In a few cases the celioidm mass was mjeoted 
mto the respiratory tree and mto the pulmonary veins (via the left 
auricle) separately or m addition to the artenal injections The avornge 
pressures of mjeotion were mto the pulmonary artery, 50 mm Hg, 
pulmonary veins, 35 mm Hg, aorta, 150 mm Hg, and trachea, 35 


mm Hg 


Results 


Guinea-pigs —Figs 
injection, of celloidin 


1-3 are photographs of casts obtained b} 
The casts of the pulmonary artery and of tlio 




Flo 1 — Guinea pig Celloidm coats of portion of respiratory tree (I) and of 
pulmonary artery (2) 

Fio 2 — Guinea pig Celloidm casts of portion of respiratory tree (1) and of 
bronchial arteries (2, 3, 4 ) 

Fio 3 — Guinea pig Portion of celloidm casts of bronchial artery (1), 
pulmonary arteiy (2) and aorta (S) CEsophagus = (0) For description see text 
Fio 5 — Rat. Colloid! n casts of pulmonary artery (1) and pulmonary vein (2) 
Fio 6 — Rat Celloidm casts of aorta and branches (1), pulmonary artery (2) 
and respiratory tree (3) For description see text. 

vol xxxv, no i —mo 


4 


Rakahit 


respirator tree (fig n h 

rejecting the aorta and i^T ? Sm °° th °uthne Casts 

close arm r ov 1 mo+ „ a respiratory tree ffic, o\ a j 3ts aa a result ■ 

^2!°" ° f b ^ch7al arteS to t^X ^ <*o* 
reecham £ Species This mdX broncbl * wluch is s 

stouter bSt T nfc ° f tie delicate broneh mte 111 Part, t 
final JsW X I 0 " 8 ' ? V6n ^ eQ "he Zt s t art6mI ca3fc *on 
fiy the bronchial cast ® Confcmu °us support of tf * m tll( 

on the artenal ^ t0 some ^Placemen*? tw, 16 artenal cast 

W onl b pXZ^rt^ ark 2t °t 

^d-portinn rvii>^-.T i its 13pT)£r AnrJ , ^CSSGi 

°f^ SSi e ' (h T d ,‘“ tt6 «d % £? “ bl “"’ » 

SS?-SS¥S“?-SiS 

rr C at d ^“" L ™ 

«Te‘l T h ° ^ '-S' ’rn'to ' “to' “7“ 

iad occurred ^ ^ brancl1 8u gg«»ted that no such rupture 

puhnouTr " br t ClUaI *»d 

Pe bronchial artery where it joined the r> / * mU ° h lon S or length of 
coloured blue This suggests that durmo- fcf ( bl »c> was 

he aorta and pulmonary artery the injection ul J an f ous ejection of 
difficulty from the pulmonary arteiy into the bron'7 X Passed wt hont 
Aortic injections of carmie geffitme or of c nr ' *“** 

mg starch granules for the purpose of blocllnTtT™ conta re- 

found their way into the bronchml artenes S 16 oapffianes, readily 
the Ijnnphatic glands and the XX ? ™ lla ’ 
arteries and veins were also readily filled with thZ 4 1)0 Pulmonary 

** -&g o- shows casts Of the pXonX ? JnjCCtion mass 
casts obtained by injecting the aorta (red) mhnoZ ^ ' eui * and % 6 
trachea (white) In the last specimen XX X (Wue > and 
artery v as started 2} hours after the aortifm el l t PUimouar ^ 
numeral 5 there is a small loopmg artery nearifh, Just ab ° V0 the 
diameter One end of the loop £ coZZs JttTl^ T* 76 " ia 
and is red m colour The other end of the iZ br onchiaI artery 

towards the bifurcation of the pulmonary arten tot b U6 ’ “ Qd pabSed 

O arterj to be continued down 


51 


Pulmonary Circulations m the Guinea-Pig and Rat 

the primary bronchus, where it becomes red in colour At this point it 
gives off a branch which enters the pulmonary artery The mixing of 



Fia 4 — Guinea-pig Canmno gelatine injected into tho aorta B= bronchus, 
P=pulmonary vein The artones supplying the walls of the bronchi and the 
larger pulmonary blood veasola are filled with carmine whioh shows up blaok 
m the photograph Some of the capfilaneB in this specimen are also filled with 
carmine gelatine 

the red and blue injection masses m this branch again suggests that it is 
a communicating branch between the bronchial arteries and pulmonary 
artery A fine bronchial artenal twig supplying the bronohus is seen 
running horizontally just to the left of 6 



Fio 7— Rat Bronchial arteries (black) in the walls of bronchus, the 
pulmonary artery, and in a lymph node 
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Aortic injections of barium sulphate filled the arteries to the bronchi 
and lymph glands without mjectmg the pulmonary capillaries {fig 7) 
Also barium sulphate injections mto the pulmonary circulation and 
carmine gelatine mto the aorta led to red injection material reaching 
the arteries to the bronchi and lymph glands but not the pulmonary 
blood-vessels These results indicate that the bronchi and lymph 
glands are supplied by the bronchial arteries 

Discussion and Conclusions 

The ease with which injection masses into the aorta reach the 
pulmonary circulation in the guinea-pig is confirmed Tins militates 
against a clear-cut separation of the bronchial and pulmonary circula- 
tions by the injection-mass method m this species of annual Attempts 
to confine the injection mass to one circulation by using a coarse injection 
mass (starch granules) were not successful, but m specimens m which the 
mixing of the two injection masses was restricted to the pulmonary 
veins and a few capillaries, only the aortic injection material filled the 
arterial supply to the larger bronchi (including the vessels to the 
bronchial mucosa), the rasa tasorum of the larger pulmonary arteries, 
the bronchial musculature and cartilage, and the interstitial tissue of 
the lungs There appears therefore strong presumptive evidence that 
these tissues normally receive their blood-supply from the bronchial 
arteries 

The two vessels connecting the bronchial and pulmonary arteries of 
which a description is given m detail, one in the guinea-pig, the other in 
the rat, were smooth m contour The absence of raggedness at their 
pomt of junction with the pulmonary artery, as well as their sme, militate 
against the view that they are iasa tasorum Blood-vessels of a simdar 
nature were seen which had a broken end, and were red and blue in 
colour at each end and purple m their middle portion These as well 
as the two communicating vessels described, were in the region of the 
lung hilus and ranged from 70 to 95 p in diameter 

If as it is believed, these vessels are communicating channels between 
bronchial and pulmonary arteries, it would account for the easj passago 
of aortic injection material into the pulmonary circulation, but we have 
no direct evidence that this is the correct explanation 


SumiABY 

1 In the munea-pig, the ease with v Inch injection masses mto the 
aorta find then way mto the pulmonary circulation has been confirmed 
o Evidence is presented which indicates that in the guinea pig and 
rat the bronchial arteries supply the bronchi the lymph glands and the 
interstitial tissue of the lungs The> also gne rise to the rasa t asonun 
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3 In the guinea-pig and rat, casts of vessels connecting the bronchial 
artery and pulmonary artery oasts are found m the region of the lung 
hilus Reasons are given for the belief that they represent 
communicating vessels and not vasa vasorum 
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SOME OBSERVATIONS ON THE COMPARATIVE EFFECTS OF 
COLD AND BURNS ON PROTEIN METABOLISM IN RATS 
By G H Lathe 1 and R A Peters From the Department of 
Biochemistry, Oxford 


(Received for publication 18 Lh February 1040 ) 

In recent years considerable attention has been devoted to the metaboho 
disturbances which are set up by various types of trauma Cuthbertson 
[1932] especially has shown that an increased excretion of nitrogen is one 
of the most stri kin g expressions of this altered metabolism 

In studies of protein metabolism m burned rats in 1945, it was noted 
by Peters in a previously unpublished experiment (experiment 1 of the 
senes now reported) that when the environmental temperature fell during 
a penod of cold weather, the nitrogen excretion of the burned animals 
was not additionally increased, suggestmg some initial common path 
In contrast, control animals excreted nitrogen m amounts which 
approached the increased excretion m the burned animals This 
observation has led us to perform some experiments upon the relation 
between environmental temperature, burns and nitrogen excretion 
Since cold is frequently considered to stimulate the thyroid, this has 
also been mvestigated m parallel researches [Gribble and Peters, 1949] 
Smce also the stimulus to some of this work has been the observations by 
Croft and Peters [1945] upon the effect of methionine, the influence of 
this upon the increases in mtrogen excretion under cool conditions has 
also been examined Though not complete, it has seemed advisable to 
report our experiments for the benefit of others working in the field, 
as we are unable to continue them 

Experimental Methods 

The methods used m experiment 1 (1945) were adapted from those 
previously reported from this laboratory by Croft and Peters [1945] 
Some changes were made m experiments 2, 3 and 4, m which albino 
rats were maintained in individual cages placed over glass bowls con- 
taining a perforated zinc plate for the separation of feces from the 
urine, which passed through mto 50 ml of 0 1 N H 2 S0 4 Urine ivas 

1 I C I Fellow Present address Research Laboratories, Queen Charlotte’ 
Maternity Hospital, London 
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removed, at intervals, as stated in the individual experiments, made up 
to a fixed volume, and the ammonia and urea nitrogen determined as 
previously described Throughout this paper mtrogen excretion refers 
to ammonia and urea mtrogen only It has been assumed that the 
fecal N remains practically constant as was found by Croft and Peters 
[1945] 

Feeding — Experiment 1 was made by the previous technique, with 
the addition of paired feeding to control the lowered food intake through 
fadure of appetite after bu rnin g 

In the experiments of 1946 (2, 3 and 4 of the present paper), in 
order to circumvent the difficulties and disadvantages of the paired 
feeding technique, all animals were tube-fed with a diet of the following 
composition — 



Percentage by 
weight of calorie 
components 

Percentage of 
calories 

Casein (Glaxo A.E ) 

33 g 

17 7 

13 0 

Arachia oil 

42 2 ml \ 

24 8 

41 2 

Cod liver oil 

4 0m 1 / 


Wheat starch 

107 g 

57 4 

45 

Salt mixture 

3 g 



Agar 

3 8 g 



Vitamin supplement 

6 ml 



Water 

170 ml 



Total volume 

330 ml 




This diet was modified from the 14 per cent protein diet previously 
used m this laboratory These modifications consisted of ( 1 ) replacement 
of casern and Yeast by casein alone, (2) substitution of a portion of the 
carbohydrate by arachis oil, and (3) the use of purified vitamin prepara- 
tions It was thought that m these short experiments the annuals 
would not run out of other unknown B factors The diet was homo- 
genized m a War mg blender, ice-cold water being used to prevent the 
starch from swelling The diet was administered b> tube twico daily, 
at nine in the morning and five in the afternoon, a No 3 hard rubber 
catheter attached to a 10-ml metal-glass syringe being used [Lathe, 
1948] The animals were held over the cages during feeding in ordor 
to prevent unne loss, and weighed immediately thereafter, allowance 
beirm made for the weight of food administered All the animals were 
fasted for 16 hours before the initial tube feeding Water » as available 
tlift animals at all tunes 

Fifteen ml of the diet provided IS cals per 100 g for a 240 g 
rat It contained 235 mg of mtrogen The vitamin supplement 
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consisted of aneurm, 10 mg , liboflavm, 10 mg , choline chloride, 
(5 g , Ca d-pantothenate, 30 mg , mcotmio acid amide, 20 mg , 
p aminobenzoic acid, 30 mg , pyndoxme hydrochlonde, 7 mg , mositol, 
2 g , 10 per cent ethanol, to 60 ml When a methionine supplement 
was given, it consisted of 100 mg of DL-methionme incorporated m the 
diet 

Except where otherwise stated, the animals were kept in a constant 
temperature room at 22° C Where lower temperatures were desired, 
these were obtained by exposmg the animals in an open room during the 
autumn of the year Under these circumstances the temperature 
depended on the weather A recording thermometer was used in each 
such experiment to indicate the degree of cold to which the animals had 
been subjected Even a drop of 2° C is sufficient to ohange the 
metabolism of rats on a constant diet 

Bur nin g was carried out as previously described [Croft and Peters, 
1945] at 73° C for 30 seconds Ether was used to anaesthetize burned 
and control rats All the experiments consisted of a preliminary basal 
period during which the mtrogen excretion on the diet was estimated 
Then followed an experimental period of several days, which was begun 
by burning the animals, or placmg them in the cold Comparisons are 
made of the average daily nitrogen exoretion during the basal and the 
experimental periods, and between the mtrogen excretion of different 
groups of animals 


Results 

In experiment 1 , which was made m 1 945 with the technical assistance 
of R W Wakelm and which led to the further work, the N excretion of 
12 adult rats was studied, these were divided into two groups of 6 
They were fed on the basal diet of Croft and Peters [1946], supple- 
mented with choline hydrochlonde (10 mg per 100 g), after the 
preliminary period upon this diet 6 of the animals were amesthetized 
and burned and the remainder anaesthetized and used as controls It 
happened that during the latter course of the experiment, the simul- 
taneous presence of a cold spell and of a failure m the heatmg of the 
animal house led to a fall m environmental temperature to which the 
animals were exposed The average excretions per rat per diem are 
given in Table I for the basal period and for the 7 days following 
burning (excluding the first day) 

The increase m the excretion of the burned animals fell within that 
to be expected m this senes ( + 530 mg for 9 days) , on the other hand, 
the control animals showed an increased excretion little different and 
falling within that previously observed for burning ( + 420 mg for 9 
days) This suggested that the N excretion due to cold was not additive 
to that of the bum 
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Table I — Change in Excretion of N (mg per Diem, per Rat) of 
Controls, due to Cold Environment, in a Burning Experiment (Exp 1) 


1 

Mean excretion of N 
(mg /diem/rat) 

Difference between 
means 

Before burning 
(o days) 

After burning 
(7 days) 

Control 

Burned 

175 1 

181 2 

221 7 

240 

+ 46 6i6 82 
+ 58 8 db 12 23 


In all tables the figures following ± are the standard error of the mean, or 
difference between means, as calculated from individual figures 


Effects of Gold and of Methionine 

In the 1946 experiments in which 51 rats were used, it was important 
at the outset to obtain some quantitative estimate of the effect of cold 
on mtrogen exoretion, as well as any possible influence of methionine 
In experiment 2, 19 rats were kept in the constant temperature room for 
a basal period of 2 days, during which the mtrogen excretion was 
estimated daily They were then divided into four groups and treated 
as follows group 1 remained under identical conditions, group 2 
received a daily supplement of 100 mg of DL-methiomne m the food, 
group 3 was transferred to the cold room where the temperature varied 
from 10° to 16° C , and group 4 was transferred to the cold room and 
received the methionine supplement The experimental period lasted 
7 days The initial weight of the annuals varied from 208 to 307 g , 
averaging 256 g Eaoh ammal received 16 ml of diet per day (equi- 
valent to 18 calories per 100 g of body-weight for a rat of 256 g ) The 
summarized effect of cold, both with, and without methionine, is indicated 
in Table II The individual nitrogen excretion and weight changes are 
given m Appendix Table V 

Experiment 2 shows that, as would be expected on a constant diet, 
cold merease 3 the daily mtrogen excretion, and that a methionine 
supplement has little if any effect upon this Examination of the 
detailed results (Appendix Table V) indicates that the cold stimulus m 
3/5 animals caused a nse m N excretion on the first day, in 4/5 upon 
the second day, and in all annuals by the third day 


Effects of Cold and of Burning 
Experiment » > - Jg- 

“ d „ P t *2 i— * *”»« » w » c ™ d ■" 
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Table n — Comparison op N Excretion of Groups of Rais Maintained under 
Warm and Cold (15° 0 ) Environmental Conditions with and without 
Addition of Methionine (Exp 2) 


Average daily nitrogen excretion Average weight change 
(mg ) (g ) 



Experi 

mental 

period 

] 

Preliminary 1 
period 

Experi- 

mental 

period 

173 

- 4 

- 3 

192 

, - 7 

- 3 

250 

-10 

-27 

237 

- 8 

-26 


Standard diet 
+ Methionine supplement 


Change in 

average daily N excretion 
(mg ) 

Warm 

Cold 

Effect of cold 

-30 + 84 
-27 + 64 I 

i 

4 20 4-4 5 

4 23 ±2 9 

+ 66 
+ 50 


constant temperature room Initial animal weights varied from 246 to 
266 g , and averaged 267 g At the conclusion of the basal period two 
groups, 1 and 2, were burned (day 5), all animals were amesthetized, and 
the following day groups 1 and 3 were placed m the cold room, where 
the temperature varied between 15° and 20° C The experiment 
concluded on day 11 There was a slight difference between groups 
1 and 2 and group 3 The latter served as a control for another experi- 
ment and was fed a slightly higher diet Groups 1 and 2 received 17 
calories per 100 g of body-weight, and group 3 received 18 calories per 
100 g The changes m mean daily nitrogen excretion and m weight, 
between basal and experimental periods for the three groups, are given 
m Table III Nitrogen excretion of individuals is given in Appendix 
Table YI 

In experiment 3 the mean daily change m the cold was of the same 
order as m experiment 1 ( + 48) The burned animals kept in the warm 
excreted + 89 mg extra N , those in the cold +78 mg This is so much 
less than the combined figure of 137 mg that it confirms the impression 
given m experiment 1 that the stimuli for the burn and for cold m this 
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Table HI — Comparison of N Excretion for Animals Burned and 
kept under Warm and Cool (17° C ) Environmental Conditions (Exp 3) 


Group 

Number 

of 

animals 

Treatment 

Mean daily excretion 
(mg /rat/diem) 

Difference 
due to 
treatment 

Basal 

period 

Experimental 

period 

1 

4 

Cold after burning 

184 

202 

+ 78±20 

2 

4 

Warm after burning 

186 

275 

+ 89± 9 2 

3 

5 

Not burned In cold 

190 

238 

+ 48±18 1 


Weight changes Group 1, - 24 g , 2, - 14 g , 3, - 12 g 


experiment drew upon some source of N by a common path, S/4 
animals showed the increased excretion m the cold by the first day and 
4/5 by the second day 


Effects of Cold , Burning and Methionine 


In experiment 4, cold, burning and methionine were compared 
simultaneously Nineteen animals, averaging 276 g , were maintained 
for a basal period of 6 days at 22° C They received 19 calories per 
100 g The diet was of the same composition as previously, except that 
the inositol in the vitamin supplement was reduced to J of the previous 
level During the experimental period the animals were divided into 
four groups as follows group 1 was handled as during the basal period, 
group 2 was burned, group 3 was given a daily supplement of 100 mg 
of DL-methionme m the diet, and group 4 was burned and received 
the methionine supplement All animals were anesthetized On the 
second day of the experimental period all animals were transferred to 
the cold room, where the temperature fluctuated from 6° to 16° C The 
differences between the mean dady nitrogen excretion during basal 
and experimental periods is given m Table IV 

It will he seen that in experiment 4 the cold induced somewhat 
of the same change as before However, the combmed effeot of cold 
and burning showed an additional mcrease which was statistically 
c i „ o m fcv that, owing to technical difficulties, an extra 
T could uot ho mcluded, but the voices for 

control pojp im » do not often much exceed + SO tug , 

burning ^ muaU y loner In eaper.ment 1 the erper,- 
merdtd temperature was lower than m the other eaperiments Methion.no 
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Table IV — Compabison or Effects of Cold (11° C ), Bounin a and 
■Methionine tjfon N Excbbtion (Exp 4) 


Group 

Number 

of 

animals 

Mean N exoretion (mg /chem/rat) 

Change 

Treatment for 
experimental period 

Basal 
period 
(6 days) 

Experimental 
period 
(6 days) 

1 

6 

Cold 1 

186 

251 

65± 7 45 

2 

4 

Cold + burn 

181 

307 

126±11 1 

3 

6 

Cold + methionine 

181 

264 

83±16 7 

4 

6 

Cold + bum + meth 

180 

313 

133 ±16 



xomne 





Discussion 

That under certain conditions cold [Lusk, 1929] and burns 
individually will increase nitrogen excretion m animals is now well 
established [Clark, Peters and Rossiter, 1946] In any comparison of 
their effects two questions would seem to be of paramount importance 
(1) Are the effects on N excretion of approximately the same order, 
and are they additive 1 (2) Does the time from stimulus to response 

vary from one type of stimulus to another i 

(1) In experiments 1, 3 and 4 the average excess nitrogen excreted 
as a result of burning is seen to be somewhat greater than that from cold 
The effect of the cold alone varied from 48 to 66 mg , while that of burn- 
ing and oold was 69 mg in experiment 1, 78 mg in experiment 3 and 
126 mg m experiment 4 Hence in regard to the question whether the 
effects of cold and of burning are additive, an unequivocal answer has 
not been obtained In experiment 3 the combmed effect of cold and of 
burning was slightly less than that of burning alone This is con- 
sistent with experiment 1, and shows that there may be no additive 
effect However, m experiment 4, burning plus cold showed an apparent 
increase over and above the effect of the cold, this may be due to the 
greater degree of cold, hut it shows that the matter is not quite straight- 
forward Nevertheless, there is a suggestion that a common path is 
partly involved 

(2) The speed of response to the stimulus of cold or of burning is 
important in relation to possible thyroid effects In our experiments 
1 and 2 the effect of cold on the N excretion was often present in 24 hours 
and usually marked m 48 hours The excess N excretion as a result of 
burns may appear within 24 hours [Croft and Peters, 1946, confirmed 
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experiment 2] and reach a peak in 3-7 days A similar time element is 
found m the N excretion following fractures in the rat [Cuthbertson, 
1939] and following skeletal trauma m the human [Cuthbertson, 1932] 
In the absence of a control of the degree of cold, it is impossible to say 
whether this is a qualitative or quantitative difference 

In regard to the effects of methionine, if account is taken of the extra 
11 mg N added in the diet in the methionine supplement, experiment 2 
or 4 shows that this addition neither prevented the N loss due to cold, 
nor that due to cold and burning Gnbble et al [1849] have disoussed 
the problems of methionine and bums The effects of excess of calories 
given as sugar in burning are discussed m a separate paper [Lathe and 
Peters, 1949], as also the possible influence of thyroid factors [Gnbble 
and Peters, 1949] It is evident that, even under ideal conditions, a 
constant nitrogen exoretion m experiments involving a constant calorie 
intake can only be obtained when the temperature is ngidly controlled 
Failing this, the increased excretion of controls under cool conditions 
might lead to the erroneous conclusion that cold reduces the N loss 
The difficulties of experiments m this field are well illustrated by 
Appendix Tables V and VI, giving the detailed results of expenments 
2 and 3 Even when constant amounts of nitrogen are introduced into 
the animal each day, the dady variations in excretion of individual rats 
are considerable To reduce these to statistical order much larger 
numbers of animals would be required 


StraniABY 

1 The comparative effects on nitrogen exoretion of cold and burns 
have been investigated m preliminary expenments by a study of 
nitrogen excretion in rats receiving a constant calorie and protein 
intake on a high fat diet administered by tube 

2 Under these conditions, as is to be expected, cold and burns 
produce an mcrease in nitrogen excretion within 24 or 48 hours 

1 3 In two experiments the effects of cold and of burnmg on nitrogen 

excretion were not additive, in one at a colder temperature N loss was 

increased by burning , , 

4 A methionine supplement does not reduce the excess nitrogen 

excretion due to cold, or the excess nitrogen excretion duo to burnmg 
in the cold 


m . r, R TO Wahekn and Miss J Jenkins for technical assistance 

We are fe^tefultoK for assi3 tance m expenments 2, 3 and 4, 

in experiment L to animals Wo are also grateful for financial 

S l Cornod, -ad to the Itat, of Supplj for 

methionine 



Effects of Cold and Burns on Protein Metabolism in Eats 63 


Appendix Table V — Individual Values fob Expekiment 2 


Nitrogen excretion (mg ) 

Days 

m 

2 

3 

4 

6 

6 

n 

8 

9 

In warm 


206 

260 

177 


209 

197* 

197* 

184 

177 


226 

208 

204 


201 

190 


172 

240 


237 

246 

221 


203 

187 

187 

157 

178 


177 

162 

144 

137 

122 

110 


133 

122 


170 

149 

166 

170 

160 

155 

165 

138 

137 

Mean 

203 

203 

180 

186 

179 

168 

163 

167 

171 

In warm + methionine 


241 

243 

216 

208 

191 

196 

196 

177 

197 


173 

166 

147 

141 

136 

126 

126 

127 

112 


221 

207 

226 

206 

209 

178 

178 

190 

212 


266 

269 

262 

269 

232 

238 

238 

235 

220 

Mean 

222 

210 

210 

203 

192 

184 

184 

182 

187 






In cold 





269 

266 

302 

304 

158 

299 

299 

283 

281 


228 

229 

272 

276 

261 

268 

268 

244 

234 


233 

237 

267 

279 

276 

267 

207 

288 

297 


204 

221 

224 

226 

271 

231 

231 

227 

224 


188 

181 

183 

230 

218 

219 

219 

198 

190 

Mean 

222 

227 

248 

263 

237 

266 

266 

248 

245 






In cold + methionine 





240 

240 

268 

262 

238 


230 

234 



220 

207 

274 

239 

244 

m 

246 

220 


192 

177 

178 

178 

242 

219 

mol 

220 

223 


m 

254 

224 

287 

268 

266 

256 

, 231 

263 

Mean 

200 

223 

212 

249 

260 

239 

239 

232 

236 


* Urines for days 0 and 7 were pooled for analysis 
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uterus was present, to 10 to 13 days, if in addition daily administration 
of 1 to 2 mg progesterone was started on the 8th to 1 1th day of cestrogen 
treatment He concluded that the uterus plays a significant role in the 
formation of relaxin, that relaxation produced by progesterone is 
mediated by the formation of relaxin in the body and differs from 
relaxation produced by (estrogens Pelvic relaxation produced by 
progesterone has been recorded in the guinea-pig by other workers 
[for references, see papers by Coumer, and Hisaw et al ], and the evidence 
that progesterone plays an active role in this species is impressive 
During earlier work on the action of cestrogens and relaxin on the 
pelvis of the mouse [Hall and Newton, 1947, and other unpublished 
work], preliminary experiments with progesterone were carried out from 
time to time, always with negative results There was even slight 
evidence that the action of progesterone was inhibitory It seemed 
important to establish whether progesterone plays the same role in the 
mouse as it appears to do m the guinea-pig, and the present experiments 
v ere planned with this object 


Methods 

The mice were albinos of the Parkes Strain, they were all virgin 
females, except in one experiment mentioned m the text All mice 
were oophorectomised at least 2 weeks before treatment was started 
(Estrone (BDH) was dissolved in arachis oil , the volume mjected 
was always 0 05 c c Progesterone (British Sckenng) was used in the 
form of “Prolution,” containing 10 mg progesterone per cc of oil 
Alternatively, crystalline progesterone was dissolved in arachis oil, the 
volume mjected was always 0 1 c c The relaxin extract was prepared 
from the serum of pregnant rabbits by the method of Abrnmowitz, 
Hisaw, Kleinholz, Money, Talmage and Zarrow [1942], as descnbed in a 
previous paper [Hall, 1948] The volume of extract injected nos 
0 2 cc unless otherwise stated All injections wore given sub- 
cutaneously The width of the mterpubic gap was measured from 
X-ray photographs [for method see Hall and Newton, 1946], which 
were made immediately before the start of the experiment (or, in the 
experiments in which relaxin was given, immediately before the first 
injection of relaxin) and 24 hours after the last injection (For a dis 
cussion of the tune following the injections of relaxin at which the end 
point should be read, see Hall, 1948 ) 

Results 

( 1 ) Effect of Progesterone on the Symphysis Pubis of Spayed, 
(Estrogemsed 21 ice 

74 virgin mice, which had never previously received experimental 
treatment, were used 
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(a) 37 mice received daily injections of 1 5 pg cestrone plus 1 0 mg 
progesterone simultaneously for 8 or 9 days All symphyses remained 
closed 

(b) 6 mice received 25 pg cestrone plus 1 0 mg progesterone daily 
foi 8 days All symphyses remained closed 

(c) 7 mice received dady injections of 1 5 pg oastrone for 19 days 
and of 1 0 mg progesterone foi 17 days, the latter starting on the 
third day of cestrone treatment In 6 mice the symphyses remained 
closed , m 1 mouse an mterpubio gap measuring 0 6 mm was recorded 

(d) 9 mice received dady injections of 25 pg cestrone and 1 0 mg 
progesterone simultaneously for 19 days In 1 mouse an mterpubic 
separation of 1 6 mm was recorded, in 8 mice the separation was 
0-0 3 mm 

(e) 5 mice received dady injections of 1 5 pg cestrone for 24 days 
plus 1 5 mg progesterone foi 19 days, startmg on the sixth day of 
cestrone treatment All symphyses remamed closed 

(/) 10 mice received dady injections of 1 5 pg cestrone for 26 days 
plus 1 6 mg progesterone for 18 days, startmg on the ninth day of 
cestrone treatment In none of the mice was an mterpubic separation 
greater than 0 5 mm recorded 

In all these experiments, dady administration of 1 0 or 1 5 mg 
progesterone to oophorectomised, cestrogemsed mice for 8 to 19 days 
never, with the exception of one mouse m group 4, resulted in mterpubic 
separation of more than 0 6 mm 

Control groups of mice given cestrone alone were not used in these 
experiments, but m many previous experiments, published and un- 
published, oophorectomised virgin mice have been mjeoted with cestrone 
for periods up to 22 days Small mterpubic separations are often 
produced, after two or three weeks’ treatment these may reach 0 8 or 
1 0 mm In a group of 11 mice treated with 6 4 to 25 pg mstrone 
daily for 22 days, the average mterpubic separation was 0 7 mm 
[Hall and Newton, 1947] Separation of 0 5 mm is sometimes recorded 
after 9 days’ treatment 

Therefore, the present experiments provide no evidence that 
progesterone, in doses up to 16 mg per day, either facditates the 
action of oastrone on the symphysis pubis of spayed mice, or causes the 
production of relaxin m the body 

(2) Effect of Progesterone on Interpubic Separation produced by 
Relaxin m Oophorectomised, (Estrogemsed Mice 

These conclusions do not rule out the possibility that progesterone 
may have a role, direct or indirect, in the normal course of pelvic 
relaxation during pregnancy Separation of the symphysis pubis can 
be demonstrated on X-ray photographs from the 13th day of normal 
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pregnancy onwards, it proceeds at an average rate of 1 mm per day 
until parturition on the 10th day [Hall and Newton, 1946] Similar 
changes can be reproduced in the oophorectomised animal in the same 
time interval by injecting daily 0 2 c c relaxm extract together with 
1 5 pg cestrone after two days’ priming with cestrone [Hall and Newton, 
1947] A single injection of 0 2 c c relaxm given on the last of about 
eight days’ treatment with cestrone alone produces an average mterpubic 
separation of at least 1 0 mm [Hall, 1948] Will the addition of pro- 
gesterone affect these reactions ? Experiments were planned as shown 
in Table I Two injections of relaxm on successive days were given, 
instead of one, in experiments 9-12 This was because individual mice 
m experiments 7 and 8, Group A, showed only a small reaotion to 
relaxm, and it was thought that more consistent results might be 
obtamed after two days’ treatment The results were similar in all 
the experiments In experiment 7, the average width of the mterpubic 
gap produced by a smgle injection of relaxm following eight days’ 
treatment with cestrone was 1 0 mm (Group A, col 5), when pro- 
gesterone was also given during the priming period, the gap measured 
only 0 2 mm (Group B, col 10) Increasing the daily dose of cestrone 
to 25 pg did not alter the results (expenment 8) In experiments 9-12, 
in which two injections of relaxm were given, the corresponding figures 
were Group A, col 6 — 1 7, 2 2, 1 9, 1 7 mm , Group B, col 10 — 0 4, 
0 7, 0 5, 0 3 mm Furthermore, except for one mouse m Group A, 
expenment 12, which for some reason failed to react to relaxm, not only 
were the average figures lower, but the figures for individual mice m 
the groups which received progesterone were all lower than any figures 
m the corresponding control groups Similarly, m experiment 13, m 
which relaxm was given daily for five days, the average figure for 
Group A was 2 3 mm and for Group BOS mm 

In all these experiments, therefore, when progesterone was injected 
daily m addition to cestrone mto oophorectomised mice, the effect of 
relaxm on symphyseal separation was largely prevented, the result 
was the same whether the progesterone was given during a preliminary 
pruning period or concurrently with relaxm 


(3) Effect of Progesterone in Modifying the Action of (Estrone on 
the Symphysis Pubis of Oophorectomised Mice 

Although the roles played respectively by cestrogen and relaxm in 
tbe svmpbyseal reaction are still not entirely clear, it seems possible 
that relaxm facihtates m some way the action of oestrogen [Hall, 1948] 
The effect produced by adding progesterone in the foregoing experiments 
caused by inhibition of action either of relaxm or of cestrone 
Hiswell known that progesterone and cestrogen m certain combinations 
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are mutually antagonistic, and that progesteione can counteract some 
of the actions of oestrogen An attempt was now made to obtain . 
evidence as to whether the failure of the symphysis to ppen was caused 
by an inhibitory action of progesterone against oeatrone 

The effect on the symphysis pubis of small doses of oeatrone is slight, 
and prolonged treatment is necessary m order to obtain consistent and 
measurable responses in oophorectonnsed animals However, after the 
pelvis has once reacted to the influence of relaxin, even though the gap 
may have smce closed, it becomes subsequently more sensitive to the 
action of cestrone, and separation may proceed much faster than is 
normally the case with oestrogen alone [Hall, 1948] This acquired 
sensitivity appears whether the previous separation has been produced 
by normal pregnancy or by exogenous relaxin Advantage was taken 
of it m planning the experiment on 62 mice listed m Table II The 
mice m experiments 14, 16 and 17 were oophorectomised when 6 weeks 
to 2 months old , m a previous experiment they had been treated with 
combinations of oestrone and relaxin which had produced interpubio 
gaps of varying width After the end of the previous experiments all 
mice had been rested for periods of at least one month, during which 
tune the symphyseal gap had partly or completely reolosed The 
average width of the gap at the beginning of the present experiment is 
shown m the column headed “Hay 1 ” Care was taken that the mice 
m the two groups of each experiment should be properly balanced with 
regard to previous treatment, and width of gap at the start of the 
present experiment The mice in experiment 16 had all borne at least 
one htter before they were oophorectomised , m all these mice, the mter- 
pubic gap produced by pregnancy had not completely closed 

The effect on the width of the symphyseal gap of 8, 9 and 14 daily 
injections of cestrone, alone or combined with progesterone, is shown 
m Table II In experiments 14 and 16, eight and rune daily injections 
of 1 6 fig cestrone produced an average increase m the width of the gap 
of 0 7 mm m each case When 1 0 mg progesterone was also given 
daily, the corresponding figure was 0 3 mm In experiment 16, the 
injections of 1 5 pg cestrone were continued for 14 days, at the end of 
this period the average morease m the width of the gap was 1 1 mm , 
in the group which received also progesterone the morease was only 
0 6 mm Raising the daily dose of oestrone to 26 pg (experiment 17) 
did not morease the separation (col 6), while the addition of 1 6 mg 
progesterone per day inhibited the response to oestrone (col 11) In all 
these experiments, therefore, progesterone at least partly inhi bited the 
action of cestrone on the symphysis 


[Table 
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Discussion 

The experiments here recorded provide no evidence that progesterone 
is itself effective in producing symphyseal separation in the mouse, or 
that it can augment the action of oestrogens on the symphysis or act 
indirectly by causing the production of relaxm m the body 

Hisaw et al [1944] found that the maximal response of the symphysis 
pubis of oophorectomised gumea-pigs to one injection of progesterone 
was obtained 72 to 96 hours after the injection, whereas relaxm produced 
a similar response m 6 hours The same length of time after one 
injection of progesterone was needed to bring about the presence of 
relaxm in the blood of female rabbits Zarrow [1948] gave progesterone 
daily to castrated female guinea-pigs from the 8th day of oestradiol 
treatment, and obtained pelvic relaxation on the 2nd or 3rd day of 
progesterone treatment When the two hormones were administered 
simultaneously from the beg innin g, relaxation appeared on the 8th day 
In oophorectomised mice a measurable symphyseal response is obtained 
24 hours after a single injection of relaxm given on the last of about 
8 days’ pr imin g with oast rone, the separation increasing with each of 
5 or 6 subsequent daily injections of relaxm Allowing for a time lag 
between the first administration of progesterone and the formation of 
endogenous relaxm if such occurred, it would seem that in the present 
experiments the duration of treatment with progesterone, at least m 
experiments 3 to 6, should have been long enough to produce a sym- 
physeal response The dady dose of 1 mg progesterone given m most 
of these experiments was chosen because that is the dose which will 
maintain pregnancy in mice oophorectomised during the latter part of 
pregnancy [Robson, 1938 a, Hall and Newton, 1947] It is not known 
bow much progesterone is produced throughout pregnancy in the 
mouse Robson [1938 6] suggested that a concentration of progesterone 
is present m the pregnant mouse similar to that produced by the dady 
administration of 1 6 mg of luteal hormone He did not claim that 
this quantity is produced daily m the pregnant mouse, but considered 
that appreciably smaller amounts of the hormone secreted constantly 
in the body will give the same end result as that produced by dady 
subcutaneous injection of 1 6 mg 

Qualitative information about the levels of progesterone and of 
cestrogen present in the pregnant mouse has been provided by Atkinson 
and Hooker [1945] on the basis of the histological structure of the endo- 
metrium of the sterile horn They found that the level of progesterone 
was low on the 1st day of pregnancy, rose progressively for 3 days, 
remained high until the 7th day, then decreased fairly rapidly and 
reached the initial low level on the 12th day It remained low for the 
rest of gestation, but rose steeply on the 1st or 2nd day after parturition 
CEstrogen declined during the first 3 days, was almost absent until the 



10th day, then rose somewhat and remained at a moderate level for the 
rest of pregnancy, with a farther small increase immediately preceding 
parturition Two days after parturition oestrogen activity ceased 
These suggestions are of interest when related to the symphjseal 
changes which take place during pregnancy The first sign of separation 
at the symphysis appears on X-ray films on the 13th day According 
to Atkinson and Hooker [1945], the level of progesterone falls to a 
minimum on the 12th day of pregnancy and, except for a possible slight 
increase during the last 4 days, remains very low until parturition The 
oestrogen level, on the other hand, is highest from the 11th day until 
parturition That is, mterpubic separation in the pregnant mouse 
takes place during that period of pregnanoy when the level of oestrogen 
is highest and that of progesterone is lowest 

In a previous paper [Hall, 194S] it was suggested that the action of 
oestrogen on the symphysis might be fundamental, but that, alone, its 
effect is small and slow It is possible that relaxm acts by removing 
some barrier to, and thus facilitating, the action of oestrogen Experi- 
ments 7-13 (Table I) show that when progesterone was given in addition 
to oestrone to oophorectoimsed mice the effect of relaxm xvas largely 
prevented Experiments 14-17 (Table II) indicate that this may be 
caused, not by any direct antagonistic relationship between progesterone 
and relaxm, but to an inhibitory action of progesterone against oestrone 
It seems probable, therefore, that the pelvic changes which take 
place during the second half of pregnancy m the mouse depend upon 
a proper balance of oestrogen and progesterone in the body If the 
ratio of progesterone/cestrogen rises above an optimal level, then the 
direct action of oestrogen on the symphysis is prevented and the latter 
hormone is unable to prepare the u ay for relaxm There is no evidence 
that synergism exists between oestrogen and progesterone, such as 
Coumer finds in the guinea-pig, or that progesterone is the agent which 
encourages formation of relaxm during the course of normal pregnanoy 
This implies a species difference in the mechanism of pelvio relaxation 
m the pregnant mouse and gumea-pig 


Sujmary 

1 Experiments were earned out on 234 oophorectoimsed mice with 
the aim of discovering whether progesterone plays an active rolo, such 
as that desenbed for the giunea-pig, in the mechanism of pelvic relaxa- 
tion in the mouse . , „ , 

o Wben i o or 1 5 mg progesterone was injected daily for 8-19 din i 

into cestrogeiused mice, the mterpubic gap as measured on X ray photo 
h was 0 to 0 6 mm , * e no wider than "ould be produced by 
SSone alone, and not comparable with the considerable separation 
w£ch follows relaxm administration or occurs m normal pregnancy 
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3 When 1 0 mg progesterone was injected daily into cestrogemsed 
mice, the effect on symphyseal separation of concurrent or subsequent 
administration of relaxin was largely prevented 

4 When progesterone and oastrone were injected concurrently into 
mice whose pelves had been rendered sensitive to oestrogen, the action 
of cestrone was much impaired 

5 The results of the experiments provide no evidence that pro- 
gesterone itself is effective m producmg symphyseal separation in the 
mouse, or can augment the action of oestrogen on the symphysis, or 
can aot indirectly by causing the production of endogenous relaxin 

6 It is suggested that m pubic separation produced by oestrogen 
and relaxin the action of oestrogen is fundamental, and that the in- 
hibitory effect of progesterone on the separation is caused by antagonism 
between progesterone and oestrogen 

7 The possibility is discussed that the pelvio changes which take 
place during the latter part of pregnancy in the mouse depend upon 
the presence of a low progesterone/oestrogen ratio in the body at this 
tune, and that a species difference may exist m this respect between 
the mouse and the guinea-pig 

The expenses of this work were defrayed by a grant from the Research 
Committee of the University of Birmingham I should like to thank Professor 
S Zuckerman for X-ray facilities m the University Department of Anatomy, 
and Dr R G Britt and Mr L Glazebrook for preparing the X-ray photographs 
I am indebted also to Dr F S H Marshall, of British Schermg Ltd , for a 
generous gift of progesterone 
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PHYSIOLOGICAL AND PATHOLOGICAL RESPONSES IN THE 
BLOOD-VESSELS OE THE LIVER 1 By R D Senbvtratne 
Erom the Department of Morbid Anatomy, University College 
Hospital Medical School, London 

(Received for publication 5th March 1949 ) 

Easily studies on the circulation of the liver yielded a wealth of know- 
ledge yet left many uncertainties The minute vascular pattern can 
he seen m its natural physiological settmg only m the intact liver of the 
live animal, and the methods of injection, perfusion and ligature of 
vessels available to the early investigators were therefore of limited 
value 

Strong reflected light was used by Malpighi [ 1686 ], Gruithuisen [ 1812 ] 
and Muller [ 1836 ], and more recently by Ghiron [ 1912 ] and Richards 
and Schmidt [ 1924 ], for making observations on intact organs of live 
animals Transmitted light from the substage of an ordinary micro- 
scope has been used when the position and structure of an organ per- 
mitted its arrangement on the stage [Clark, 1909 , Zweipach, 1934 , 
McNee, 1931 ] Adapted in the Clark-Sandison ohamber [Sandison, 
1924 , 1928 , Clark et al , 1930 ], it has a wider field of usefulness, but in 
neither form is it apphcable to the study of the intact liver 

By means of light conducted along transparent rods organs can be 
transillummated in situ Basler [ 1917 ], Loeffler and Nordman [ 1925 ] 
m studies on the liver circulation, and Florey and Carleton [ 1926 ] and 
Barta [ 1936 ] for other tissues, used glass rods Leiter [ 1926 ], Sdverman 
[ 1926 ] and Wearn et al [ 1934 ] used quartz rods 

The purpose of my investigation was to apply this last method, as 
perfected by Knisely [1936 a and b, 1937 , 1938 ], ( 1 ) to study afresh the 
mtrahepatic circulation, (2) to attempt to clarify some of the existing 
doubts, particularly with regard to the hepatic artery, and (3) to record 
the effects of various stimuli on the enormous vascular bed whose 
response must undoubtedly modify the structure and funotion of the 
liver 


Methobs 


The method illustrated m fig 1 is a modification of Kmsely’s 

technique of transillurmnatmg living structures for microscopic study 

'Part of a thesis accepted by the University of London for the Doctorate 
of Medicine w 
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Its essence lies in the use of a special mercury vapour lamp and quartz 
rod with prismatic end, kindly brought to my notice by Dr H C 
Wright of the Royal Naval Physiology Laboratory, Alverstoke A 
straight quartz rod conducts light from the lamp to the liver of the 
animal arranged on a suitable table, with the microscope focused on it 
Rmger’s solution passes from a reservoir through a bath maintained at 
the required temperature to a delivery pipette adjusted to allow the 
solution to flow over the organ under observation An injection 
apparatus clamped to the table is a convenient accessory The quartz 
rod, injection needle and pipette for Ringer's solution are held m adjust- 
able clamps The whole assembly is arranged on a heavy wooden 
table 

A compact source 250-watt, type ME bos lamp [Bourne, 1945] was 
used throughout It was cooled by convection [Kmsely, 1937] by 
enclosing it in a stove pipe 34 inches m diameter and 24 inches in height 
It produces a small concentrated light source of high brightness (18,000 
sb ) and, unlike the carbon arc, of low heat content, only a small 
proportion of its energy being radiated in the infra-red region It has 
2 to 3 times the light output of a tungsten filament lamp of the same 
wattage, reducing further its heating effects Fluctuations m the 
voltage of the supply cause smaller venations in its light output than 
in that of a filament lamp 


The straight quartz rod was 4 mm x 4 mm in section and 18 cm m 
length The receiving end was cut square and the delivery end bevelled 
at 45°, ground and polished, giving the effect of a prism (fig 2) The 
rod has no bends and therefore no light is lost The fchm edge occupies 
very little space, and can be slipped under the liver wuth very httle 
disturbance and small operative trauma 


Heat may reach or leave the transillununated object by conduction, 
convection and radiation Conduction is eliminated by the use of a 
sufficient length of quartz which has a very low thermal conductivity 
The heat emitted by the type of lamp used m my experiments is small, 
and with the cooling arrangement used, heat does not reaoh the object 
by convection or radiation in sufficient quantity to heat it The 
illuminated structure, however, absorbs some of the light applied to it 
and transforms it to heat It is very likely that this heat is dissipated 
by the copious blood-flow of the liver as rapidly as it is formed, but 
to obviate any possible heating effect, a continuous flowing solution, 
isotonic and isothermal with the tissues, was applied to the bvor 

The efficiency of temperature control was tested by taking the 
, erature of the delivery end of the quartz rod and transdJummated 
J ve _ P ,.. lth a delicate thermocouple before and after 1 hour of continuous 

most convenient as an operation table A shallow white enamelled 
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tray 54- inches x 12 inches with sides inoh high was placed on the 
table, and the animal was supported in this tray on a cork mat which 
raised it clear of waste solutions A cotton wick at one corner of the 
tray siphoned away any accumulation of fluid 

The transiUuminated liver was observed with a Wmkel-Zeiss micro- 
scope from which the mechanical stage had been removed Most of 
the observations were made under 10 and 40 objectives with x 5 and 
x 10 eye-pieces A Zeiss water-immersion lens was used when very 
high magnification was desired 

Animals — In all 98 frogs {Rana pipiens), 48 mice and 112 rats were 
studied 

Surgical Procedure m Animals — The frog was pithed, or anaesthetised 
with Nembutal injected into the dorsal lymph sao, and pinned on the 
cork mat The abdomen was opened by a left paramedian incision 
extending from half-way down the abdomen to the level of the xiphi- 
sternum, whence a transverse incision to the left allowed a flap of 
abdominal wall to be turned down, giving excellent exposure of the 
liver When a wider exposure was required, the anterior abdominal 
vem was tied at the symphysis pubis and a V-shaped incision was made 
with its point at the symphysis and its limbs at the shoulders The 
V flap was lifted up -with the anterior abdominal vem, through which 
injections could be made directly into the portal vem 

All mice and rats were anaesthetised with Nembutal mtrapentoneally 
and the anaesthesia maintained during all procedures The midline 
incision extended from the xiphistemum to about the mid-point of the 
abdomen, and from its centre a transverse cut to the right or, when 
exposure of the spleen was required for mjeotion, to the left allowed a 
triangular flap of abdominal wall to be turned up over the costal margin 
and, if necessary, fixed by a stitch 

The hver having been exposed, the ammal was laid on the cork mat 
of the operation table The delivery tip of the illuminating rod was 
gently slipped under the edge of the hver and the lamp, switched on 
fifteen minutes previously to ensure maximum illumination, arranged 
with its window opposite the receiving end A gentle dnp of Ringer’s 
solution at the correct temperature was commenced Finally, the 
microscope was placed with its objective over the hver The intensity 
of illumination could be varied by moving the lamp closer to or away 
from the rod By moving the rod, the microscope, or both, different 
parts of the hver could be observed 

Results 

1 Normal Blood-flow m the Inver 

An arresting picture of vivid colours and rapid movement is seen 
The hver parenchyma is a transparent red in the thicker parts and 
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description op figures 


T’iLT’ ,pp “ to f " <- ^ ^ 

2 Stove pipe enclosing lamp 6 P'potto for Rmger’a 

3 Quartz rod F solution G 

i Ringer’s solution I Enamel traj 

5 Water bath for regulating | tabl ° 

temperature of Kmger’f in T^** Pe 

solution , , Injection apparatus 

11 Adjustable clamps 

Fia 2 —Quartz rod, showing prismatic delivery 
*" 3 ~ POr “' v “ "‘*” S —»«™i », U» tap.ta 
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pale yellow at the edges Individual cell margins are clearly defined 
The blood-vessels and sinusoids appear in shades of red, varying from 
orange in the minute arterioles and venules to deep onmson m the 
larger ones The various vascular components can be distinguished by 
the direction of flow, from the larger to the smaller branohes and 
sinusoids in the portal vessels and in the opposite direction in the 
hepatic veins , also by the size, type of branching and rate of blood-flow 

The presence of copious black pigment grannies in the liver of the frog, 
particularly during the breeding season, obscured the vascular pattern, but by 
selecting small pale frogs much of this difficulty was avoided After some 
experience one was able to follow the blood-flow in the moving hver of the 
rat and mouse without difficulty and respiratory movements ceased to be a 
hindrance Methods such as cutting the phrenic nerve or holding the hver 
in a wire snare must cause gross departure from the physiological and so were 
not employed 

The Frog — Histological preparations convey little of the dynamic 
and rapidly moving pioture seen m the living organ, or the delicate and 
prompt vascular responses of which it is capable There is no clear-cut 
lobular pattern 

The portal vein enters the hver with the hepatic artery and bile 
duct, wrapped m a sheath of loose connective tissue Narrow arterial 
branches wind round it and break up into a rich capillary plexus in its 
walls (fig 3) The portal blood has a slight purplish tint compared 
with the bright red in the arteries The rapid rush of blood m the 
arterial branches and turning and twisting capillaries contrasts sharply 
with the comparatively slow, smooth flow m the broad portal stream 
In the hver, portal branches, accompamed by slender arteries, pass 
towards the periphery of the organ wit hin a bed of connective tissue 
which separates them from the hver parenchyma No sinusoids come 
off the mam branohes and very few from the smaller ones Near the 
termination, short stout branches arise and immediately break up into 
bunches of Binusoids Less commonly, smgle sinusoids are given off 
The termination of the portal branches is rather abrupt Instead of 
narrowing gradually they break up into two or three divisions, which 
immediately end m radiating sinusoids Portal branches seldom reach 
the extreme periphery of the hver but end some distance from the hver 
edge Blood-flow m the active areas is smooth and continuous, but in 
the less active areas, or when the circulation is slowing down, it becomes 
jerky or intermittent, moving forward sharply wuth each systole and 
slowing down during diastole Just before complete arrest of flow a 
slow oscillation is often seen 

The hepatio venous radicles commence at the extreme edge of the 
hver and converge to form larger branches Some of these branches 
course just within and parallel to the hver edge Unlike the portal 
vessels the hepatio veins gradually widen as they receive more branches 
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Sinusoids generally enter singly at regular intervals even into the larger 
veins There is hardly any connective tissue separating the vessel 
wall from the liver cells A mantle of cuboidal, solid-looking liver cells, 
unlike the polygonal or spherical cells seen in irregular anastomosing 
columns in the rest of the lobule, encircles the vessel Blood-flow is 
normally smooth and continuous, but may become intermittent or 
oscillate like the portal flow under similar conditions 

The Binusoids form a complex network between the portal and 
hepatic veins The number of visible sinusoids and their cabbres vary 
not only in different areas but also m the same area at different times 
Eaoh sinusoid may be anything from a barely visible cleft to a channel 
2 to 3 red cell diameters wide A definite membrane appears to hue 
the sinusoids It cannot be seen m its whole length, but the red cells 
m stagnant sinusoids give the clear impression of being packed in a 
transparent tube (fig 4) In places this lining membrane is lifted off 
the liver cell columns, suggesting that the sinusoidal wall is loosely 
applied to the surrounding liver parenchyma, but there is no other 
suggestion of a perismusoidal space An irregular mtermittency m 
activity characterises different areas A very large percentage of 
sinusoids may be mactive for long periods of time In the quiescent 
areas the sinusoids are either collapsed and empty, or distended with 
blood In the active areas blood cells flow m closely packed columns 
in the dilated sinusoids, but in the contracted ones individual red cells 
appear to squeeze through m single file The rate of flow does not, 
however appear to depend entirely on the calibre of the sinusoids 
Through contracted ones it is often very rapid, suggesting an increased 
inflow or a reduction of resistance at the outflow Normally blood 
leaving the portal veins by the sinusoids readies the hepatic vein, but 
when the circulation is slowing down, the flow' m a few' sinusoids 
bordering the portal branches is reversed so that they empty baok into 
the portal vein I could see no indication of valves or localised con- 
tractions, but the sinusoid appeared to narrow along its whole length 


like a thm- walled collapsible tube 

The hepatic artery on entering the liver divides into branches which 
accompany the portal veins Being -very slender and the blood-flow 
extremely rapid they are not easy to see, but on careful observation, 
particularly when the circulation is slow mg down, they can be seen 
accompanying the portal radicles in straight channels, gentle curves 
or wade spirals The blood-flow is so rapid that in the smallest branches 
red blood cells flash across the field in single file, and the actual vessel 
wall is distinguished only when the circulation slackens 

Many connections exist between the arterial and venous blood 
Often short branches pass from the hepatic artery to the accompanying 
portal vein, or enter the lobule to flow into a . sinusoid usuall> at the 
periphery but not uncommonly at the centre of the lobule Sometimes 
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an arteriole stretches across the lobule to open into a portal vein on the 
opposite side, or less frequently into an hepatio vein Tiny arterial 
branches may pass through the liver substance and 30m with sub- 
capsular arteries I could deteot no territories exclusively supplied 
by arterial or venous blood Everywhere the sinusoids appeared to 
receive mixed arterial and portal blood 

Mouse and Bat — The liver of the rat and mouse shows a more 
definite lobular pattern The portal radicles mark out roughly polygonal 
areas of liver cells round the central hepatic vein The general outline 
and the type of brandling of the individual vessels and sinusoids are 
essentially the same as m the frog, but the terminal branches and 
sinusoids are finer and the whole picture more delioate and clearly 



F 10 5 Fig 6 

Fig 5 — An arteriole running with a portal venous branch and connecting 
with it by arteriovenous anastomoses 

Fig 6 — An arteriole running across a hepatio lobule to open into the 
sinusoidal bed near the central hepatio vein 

defined Blood-flow is generally more rapid, and the number of aotive 
vessels and sinusoids m any one field is far greater than m the frog’s 
liver The slender hepatic artenal branches are seldom seen owing to 
the extreme rapidity of blood-flow and small size of the red cells, hut at 
the end of an experiment, when the circulation is slowing down or when 
it is deliberately retarded, they come into view They course with the 
portal radicles m gentle curves or wind round them in wide open spirals 
Many types of anastamoses between the artenal and venous blood are 
seen The commonest is the direct connection by short branches 
between the hepatic artery and the accompanying portal vein Fig 5 
is a drawing of one of these Near the termination of the portal vein 
its accompanying arteriole gave off a short branch, which curved back 
to open into the vein The rush of artenal blood stirred up the sluggish 
portal stream into a turbulent whirl at its point of entry Beyond thiB 
the portal flow was quite rapid, as if the momentum of the artenal blood 
had given it an impetus The continuation of the artenole appeared 
to connect again with the portal vem a little farther on Another type 
of anastamosis is depicted m fig 6 Connections were also seen between 
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the arterioles and sinusoids m the periphery of the lobule Sometimes' 
arterioles appeared to lose themselves amongst the sinusoids m the 
immediate vicinity of the central vein 

2 Effect of Obstructing the Portal Vein , Hepatic Artery 
and Hepatic Vein 

Ligaturing the portal vein of the frog leads to little or no disturbance 
of flow in the portal or hepatic vessels or in the sinusoids In the rat a 
temporary slowing of the blood-flow and slight narrowing of the portal 
and hepatic veins occur m irregular segments so that then outlines 



Fio 7 Fig S Fig 9 Fto 10 


FiO 7 — Appearance of a microacopio field which includes o portal \enous 
branch and hepatic venous radicle immediately nfter tying the portal vein — slight 
narrowing and irregularity of tho vessels 

Fio 8 — Same field oa fig 7 after the hepatic artery too, has been tied — 
irregularity and fragmentation of the portal and hepatic veins and completo 
collapse of tho sinusoids, except a few in the mid zonal region 

Fio 9 — Appearance of a tranailluminated rat livor before tying the hepatic vein. 
Fio 10 — Same field as fig 9, five minutes after tying tho hepotio vom. 


become uneven (fig 7) But within two or three minutes the circulation 
returns to normal and continues without further alteration The 
arteriovenous anastamoses appear to be sufficient to maintain a normal 
blood-flow 

When the hepatio artery alone is tied a similar sequence of events 


occurs 

With simultaneous ligature of the portal vein and hepatio artery 
there is an immediate and striking reduction of blood-flow In tho frog 
a slow tnokle of blood continues for several minutes, sometimes for au 
hour But in the rat the portal vein empties and collapses m irregular 
segments, it is narrowed to a mere line in some parts, and ddates into 
irregularly fusiform pools of stagnant blood m others The sinusoids 
are completely emptied at first, but a slow back-flow from the hepatic 
veins fills a few m the mid-zonal regions The hepatic veins too, after 
a period of oscillation and sometimes reversal of flow, empty completely 
except for little bead-like pools of stagnant blood at irregular intervals 
along their course This sequence of events generally takes three to 
-mites after which there is completo stasis The whole liver m 
the “ job -i bloodies for bttl. collects of 
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stagnant blood along the portal and hepatio veins and in a few mid-zonal 
sinusoids (fig 8) 

To observe the effects of obstructing the outflow from the hepatic 
vem, the inferior vena cava was tied just below the diaphragm in the 
Tat, and the median vena cava between the liver and the sinus venosus 
in the frog The picture was the same in both cases The flow m the 
hepatic veins slowed immediately and, after a period of osoillation for 
two or three minutes, stopped completely But m the portal venous 
radicles, hepatic arterial branches and sinusoids, the flow continued 
for about five min utes, during which the sinusoids became stuffed with 
red cells Finally blood-flow ceased with all vessels equally dilated 
and full of blood, the sinusoids were increased to two or three times 
their normal width (figs 9 and 10), and many which were previously 
collapsed and invisible now came into view packed with red cells A 
few hsemorrhages developed, most often in the centnlobular regions 
The final picture showed an enormous dilation of vessels and sinusoids 
seen under no other orroumstances 

Summary — Obstruction of the portal vem or hepatio artery alone 
causes only a temporary reduction of blood-flow, for anastamotio 
connections between the two soon re-establish the circulation 

When both vessels are obstructed simultaneously in the rat the 
blood-flow is arrested and the liver drained of blood, but m the frog 
a slow circulation through collaterals continues for a considerable time 
Obstruction of the hepatio veins m both rats and frogs causes marked 
dilation of all vessels and complete arrest of circulation 

3 Effect of Eck Fistula on Hepatic Circulation 

The operations for establishing Eck fistulas in Albino rats were 
kindly performed by Dr K. K Cheng, of the Graham Research 
Laboratories, UCH Medical School, according to the method of 
Whitaker [1946] No abnormality of any kind could be detected m 
any of the animals in the liver circulation, which appeared to be 
completely maintained by the hepatic artery 


4 Effect of Portal Embolism 

A suspension of starch m 5 per cent gum acacia was injected into 
the portal circulation of frogs and rats The individual starch granules 
varied from about 6 — 40 p m diameter 

When a small quantity (0 25 c o in the frog or 0 55 c c in the rat) 
was introduced slowly no change m the circulation could be detected, 
although starch granules were seen to be arrested at various points’, 
the larger ones m the terminal branches of the portal vem and smaller 
ones m the sinusoids Very few large granules -reached the central 
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hepatic vein Occasionally a short segment of sinusoid behind an 
obstruction was inactive and dilated, but blood appeared to get round 
such small obstructions easily by alternative channels 

When larger quantities were injected, starch granules accumulated 
behind the first obstruction till considerable lengths of portal vein 
with its branches and sinusoids were packed with them The circula- 
tion for some distance around the obstructed area came to a standstill, 
but remained quite active beyond it and in the hepatic vein draining 
the area ° 


5 Effect of Stimulating Autonomic Nenes 
Rats were employed in this experiment 

Sympathetic — Smce the sympathetic nerves pass to the liver along 
the blood-vessels in the portal fissure, the whole portal vascular bundle 
was carefully dissected out and placed across shielded eleotrodes and 
stimulated by a tetarusing current The effect on the circulation 
increased up to a maximum limit, with increase of the strength and 
duration of the tetanus 

On stimulating the sympathetic plexus the whole field under 
observation blanches, due to contraction of the smusoids, some of which 
completely disappear from view There is no perceptible effect on the 
portal or hepatic veins On a few occasions when the hepatic arterioles 
were under observation they appeared to contract Blood flow, how- 
ever, contmued very actively through the narrow smusoids and 
other vessels, suggesting either a systemic rise of blood-pressure or a 
reduced resistance at the outflow When the stimulation was dis- 
continued the vessels returned to normal in about 10 or 15 seconds 
If the stimulation was repeated the same series of changes occurred 
The vasoconstrictor effect was considerably reduced after subcutaneous 
injeotion of 2 mg of ergotamine tartrate 

Parasympathetic — The parasympathetic nerve-supply to the ab- 
dominal viscera is through the vagi Near the cardia of the stomach 
these nerves break up mto several branches, which can be separated 
from the oesophagus immediately below the diaphragm, ligatured, and 
laid across the shielded electrodes distal to the ligature 

Tetamsmg currents of increasing strength and duration up to 
60 seconds fail to produce any visible change in the pattern or rate of 
flow of the hepatic circulation 


6 Localisation of Dyes tuthm the Liter 

The results in rats and frogs vere very similar 
Evans Blue —On injecting a 2 per cent Evans Blue solution direct]} 
intn the nortal circulation it appears immediately in the portal radicles, 
rc.rtag ouUhe liver lobules v.vtdly, then spread, slot,., through the 
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sinusoids into the central hepatic veins For a minute or two the 
portal veins and peripheral zones of the lobule are darker than the 
central region, but soon the colour begins to get lighter in this area 
as the dye mixes with the circulating blood and reaches the same 
intensity all over Soon afterwards a striking phenomenon is observed 
In three or four minutes a blue coloration appears just outside the 
hepatio veins in what seems to be a thm layer of connective tissue, 
and also m the hepatic cells lying immediately alongside The colour 
here gradually increases m intensity, while the portal veins and the rest 
of the liver sinusoids now fade to a uniform pale blue In half an hour 
this localisation is still very striking Kupffer cells at intervals along 
the sinusoids seem to be absorbing the dye too Fig 11 represents 
diagrammatically the sequence of events 

When the dye is injected mto the general circulation, a uniform 
blue tinge spreads all through the liver lobules, commencing in the portal 
tracts However, m 5 or 6 minutes the distribution of the dye desonbed 
above appears, and a picture very similar to that produced by mtra- 
portal injection is seen 

Bye was also injected into groups of rats that had received 0 25 c c 
of carbon tetrachloride subcutaneously respectively 6 hours and 24 hours 
previously, and showed centrilobular damage m the liver The spread 
and localisation of the dye followed as before, but a wider zone, including 
the whole damaged area, took a deeper stain The maximum con- 
centration was still m the layer of cells immediately bordering the 
central hepatio vein 

When India ink in 20 per cent suspension was injected intraportally, 
it appeared first m the portal areas and periphery of the lobules, but 
rapidly spread through the sinusoids to the central hepatic veins In 
about 60 seconds the whole field was so black that individual vessels 
and sinusoids could scarcely be seen In a very short time, however, 
the central zones began to clear The outlines of the sinusoids and 
vessels reappeared and particles of ink could be seen mix ed with blood- 
cells At irregular intervals little collections of dye seemed to be taken 
up by the Kupffer cells m the lobule The sinusoids were uniformly 
dilated In about 10 minutes the hepatic vems and the sinusoids m 
the central zones were clear of dye except for a few particles whioh 
circulated m the flowing blood, but the peripheral sinusoids and portal 
areas retamed a large proportion of the ink wit hin the vessels At no 
stage did ink appear outside the blood-vessels This picture per- 
sisted for one hour or more during which the liver was under 
observation 

Trypan Blue in 6 per cent solution produced a picture very similar 
to that with Evans Blue, but the intensity of staining of the central 
zones of the hver lobules was less, and in about half an hour the dye 
seemed to have diffused uniformly over the whole hver lobule 
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Summary — Soluble dyes ciroulatmg m the liver appear to leave the 
smusoida m the central zones in greatest concentration, and accumulate 
m the liver cells along the central hepatic veins There appears to be 
either a higher permeability of the sinusoids m this area, or an inherent 
capacity of its cells to remove and concentrate such dyes Particulate 
matter, such as India ink, does not pass out of the vessels 


7 Effect of Hypertonic Solutions 

When a 30 per cent solution of sodium chloride was slowly injected 
into the tail vein of the rat, no appreciable effect on the liver circulation 
was seen until 3 c c or more were given With larger quantities up to 
5 c c the sinusoids dilated sbghtly for about 10 or 15 minutes, after 
which they returned to normal If the injection were given directly 
mto the portal vein, with the first drop or two there was an immediate 
contraction of the sinusoids — most evident in the peripheral zones of 
the lobule — which lasted till the whole amount had been introduced 
Then the vessels began to recover rapidly, and in about 5 minutes a 
slight dilatation was noticed in all areas This too disappeared w about 
15 minutes and the liver circulation returned to normal 

A 50 per cent urea solution produced very similar, though more 
severe, changes The constriction of the sinusoids with mtraportal 
injection was almost violent The dilatation following both mtraportal 
and intravenous injection was very striking and lasted throughout the 
period of observation, generally about 3 hours 

Glucose m 50 per cent solution produced effects almost identical 
■with those after 30 per cent saline 

The initial constriction which results from mtraportal injection 
appears to be the response of the sinusoids to the direct action of an 
irritant in high concentration, and the succeeding dilatation part of a 
general vascular dilatation which is an attempt to accommodate the 
increased volume of blood consequent upon the osmotic action of the 
irritant The return towards normal m a short time is perhaps due to 
dispersal of this increased volume in freshly opened capillaries throughout 
the body, bo that the effect on the liver is too slight to be appreciated 


8 Effect of Respiratory Disturbance on the Lner Circulation 

Under Nembutal anesthesia a glass cannula was inserted and tied 
mto a rat’s trachea A screw clip on a rubber tubo attached to the 
cannula served to regulate the size of the only airway now available 
The liver was then exposed and arranged for transillumuiation 

When the airway was reduced and respiration became deep and 
laboured the liver paled all over The maximum effect appeared in 
Z ZLids Slight narrowing of the portal and hepatic veins was 
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also seen, although it was not a marked feature When the respiratory 
effort was very strong, the narrowing of the sinusoids increased during 
inspiration and decreased during expiration, allowing some blood to 
re-enter On opening the airway so that the respiration was no longer 
embarrassed, the hepatic vessels and sinusoids rapidly returned to 
normal When the experiment was repeated several times at short 
intervals, the hver circulation went through the same changes each time 
To test the effect of breathing pure nitrogen, or air with low oxygen 
tension, the apparatus shown in fig 12 was set up The tracheal 
cannula was connected through a soda-lime container (A), for absorbing 
carbon dioxide m the expired air, with the bottle containing pyrogallol 



Fw 12 — Apparatus for investigating the effects of respiration and anoxia on 
the hver circulation. 

A Soda-lime container 
B Screw clip on side arm of T tube 
C Bottle containing pyrogallol. 

D Cannula for insertion into trachea 

(15 per cent m 50 per cent sodium hydroxide) The connecting 
rubber tube was fitted with a side-arm controlled by a screw clip (B) 
When B was closed, the animal breathed air drawn through the pyro- 
gallol and therefore received only mtrogen By opening B oxygen- 
contaimng air could be admitted 

When the rat was made to breathe pure mtrogen, respiration became 
somewhat deeper Shght blanching of the whole hver, increasing at 
every inspiratory effort, was at first seen, but in about 2 minutes 
respiration ceased, the sinusoids dilated all over and filled with blood 
and the animal died with widely dilated sinusoids When an animal 
was allowed to breathe air with a low oxygen concentration, respiration 
again became deep and the sinusoids contracted and emptied with each 
deep inspiration In about 10 minutes, however, they began to dilate, 
although the central zone sinusoids still narrowed during inspiration 
The dilatation continued to increase till in half an hour all the sinusoids 
were widely distended Deep inspiration still seemed to influence the 
calibre of the sinusoids But after one hour the dilatation seemed to 
be permanent Neither the phases of the respiratory cyole nor the 
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depth, of respiration caused any change Blood-flow m the sinusoids 
rvas very slow, and m some there was complete stasis Even when 
pure air was readmitted to the lungs the vessels remained dilated and 
stagnant Permanent or at least lasting damage appeared to have 
resulted from one hour of breathing air with low oxygen tension Bub 
if the animal was allowed to breathe pure air after 10 to 15 minutes of 
anoxia, the liver circulation rapidly returned to normal 

Summary — Not only does deep respiration narrow all the liver 
vessels, but each inspiratory effort further constricts them, while 
expiration produces some relaxation and re-entry of blood Low oxygen 
tension in the inspired air results in a dilatation of sinusoids, which at 
first react to the phases of respiration, but after about an hour appear 
to be permanently damaged and remain dilated 


9 Effect of Hormones and Drugs on the Liter Circulation 


(l) Adrenalin — Two drops of a 0 1 per cent adrenalin hydrochloride 
solution dropped on tho surface of the liver causes the sinusoids to 
contract almost immediately Some become so narrow that blood-cells 
cannot enter, but in the majority blood-flow remains very active and 
the rate of flow seems to be faster than before These observations 
suggest an increased pressure at the inflow or a diminished resistance to 
the outflow There is no noticeable effect on the portal or hepatic 
veins Hepatic arteries could not be seen because of constriction 
Erogs, mice and rats reacted m the same way The effect lasted for 
about 15 to 20 minutes, after which the circulation returned to normal 
Injection of 02 co ofaOl per cent adrenalin hydrochloride 
solution mto tho portal vein (through the anterior abdominal vein of 
the frog or a mesentenc vein of the rat) produces very similar changes 
though of shorter duration, usually about 10 minutes 

Subcutaneous injection gave the same effects, but these were much 
less marked, suggesting that the action of adrenalin on the liver vessels 


is mainly direct 

(u) Acetylcholine — Acetylcholine in 0 1 per cent solution when 
dropped on the liver surface of frogs and rats produces no immediate 
visible effect on the liver vessels Intraportal injections, however, 
induce a slight constriction of sinusoids for about 2 minutes With all 
these methods there followed m 3 or 4 minutes a slight slowing of blood- 
flow and a general appearance of reduced aotivity The heart-rate was 
slowed A° 3 ubcutaneous injection of 0 1 c o to frogs and 0 2 c c to 
rats of eserrne salicylate in a 0 1 per cent solution was given 5 minutes 
before acetylcholine to inactivate choline esterase With local applica- 
tion or mtraportal injection there was now a constriction of sinusoids 
lastme 2 or 3 minutes, followed by a gradual dilatation In about 
10 mmutes this dilatation was well marked The rate of blood flow 
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ivas now very slow Many of the sinusoids were stagnant and full of 
blood With subcutaneous injection the initial contraction was not 
seen, but the subsequent events were the same During this time the 
heart became very slow and feeble After about 30 minutes the heart 
began to improve m rate and force and the hver circulation began to 
get more active The sinusoids emptied and returned towards normal 
Except the initial contraction, the whole sequence of events seemed to 
run parallel with the rate and the force of the heart, and the circulatory 
changes m the liver appeared to be, in part at least, a reflection of the 
feeble general circulation The initial contraction was possibly the 
result of a direct action of the drug on the hver vessels 

(in) Histamine — Direct application to the hver surface or mtraportal 
injection of histamine produced within a minute or two marked dilata- 
tion of the sinusoids No change was deteoted in the other vessels of 
the hver Although the sinusoids were dilated and full of blood the 
rate of flow was retarded, suggesting increased resistance to the out- 
flow, or an inflow with reduced pressure due to the vasodilator effects 
of histamine on the rest of the circulation The effect lasted generally 
half an hour or longer 

(iv) Pituitnn — No appreciable change m the intrahepatic circula- 
tion could be seen with pituitrin given locally, intraportally or 
subcutaneously 


10 Effect of Trauma on Intrahepatic Blood-flow 

With the hver exposed and arranged for observation, the left thigh 
was crushed with a crushing clamp m two places till the bone was 
fractured There was an immediate paling of the whole field with 
marked narrowing of the sinusoids The portal and hepatic veins, 
too, appeared to narrow m some of the animals Blood-flow, however, 
contmued unaltered in rate, though the quantity of blood passing 
through the hver must necessarily have been reduced The effect on the 
hepatic arterioles could not be gauged as, even normally, they are only 
about one red cell diameter wide and the flow rapid For 10 to 15 
minutes the vessels contmued m this state and then began to ddate 
gradually In half an hour the sinusoids were widely dilated, and the 
portal and hepatic veins had at least returned to normal The flow 
now began to slow down This dilatation and slowing progressively 
increased, till in about one hour the sinusoids were packed with red 
blood cells and in places httle varicosities full of stagnant blood were 
seen Occasionally red cells were found outside the vessels forming 
httle pools Many of the sinusoids were now quite inactive, while a 
slow blood-flow contmued in a few Some of the rats died in about 
one and a half hours, but others hved for over three hours with this 
picture unaltered 
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11 Effect of Heating or Cooling the Body Surface 

Heat and cold -were applied during transiUummation to various 
parts of the body by means of test-tubes containing water at the required 
temperature, also with cotton swabs dipped in. hot or cold water 

Application of the test-tube or swab at 20° C either to the right 
hypochondrmm, chest or thighs did not produce any visible change m 
the liver circulation When 30° C was applied to the chest or right 
hypoehondnum there was no immediate response, but if the heating 
was continued a slight dilatation of the sinusoids resulted From the 
thigh this temperature produced no result, suggesting that the response 
was due to heat conducted to the kver through the body wall or 
to a segmental reflex 40° C applied to the right side of the cheat 
caused an immediate contraction of sinusoids all over the liver A 
slight but definite contraction was seen from the thigh too But in 
neither case was this contraction maintained even though the heating 
was continued Withm 60 seconds the sinusoids began to dilate and 
in two or three minutes were very wide On removing the heat the 
dilatation continued for 10 to 15 minutes, then slowly returned to 
normal Temperatures of 50° C , 60° C and 70° 0 resulted in the same 
sequence of events 

Cold was applied in a similar manner 10° C applied to the chest 
or thigh caused a contraction of ail the sinusoids, which remained os 
long as the cooling was continued On discontinuing the cooling the 
sinusoids rapidly returned to normal Similar results were obtained 
with 4° G 


12 Effect of Mechanical Stimuli applied to the Liver 

When the surface of the liver was gently stroked with a blunt ended 
glass rod, a wave of constriction of the sinusoids followed m the wake 
of the rod, to be replaced immediately by dilatation No change was 
noticed in the portal and hepatic venous radicles With repeated 
strokes the dilatation gradually increased The sinusoids were packed 
with red cells and the flow was slower At tins stage some dilatation 
of the portal and hepatic veins was appearing If the stroking was 
continued or pressure with the rod increased, red blood cells appeared 
outside the sinusoids at one or two spots and spread out over a con- 
siderable area The blood-flow was further retarded, ceasing altogether 
m a Iaree portion of the sinusoidal bed Any further trauma only 
increased the blood outside the vessels till the whole picture was com- 
nletelv obscured by hsinorrhage 

liht pressure with a glass slide on the surface of the Iner caused a 
l Manotims with collapse and narrowing of many sinusoids On 

btad “" d b ^“ tb 
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dilate, till m 2 or 3 minutes they were quite wide The blood-flow 
slowed down considerably Repeated application of pressure resulted 
in changes very similar to those produced by stroking 

13 Effects of Heat and Cold on the Liver 

Saline at 20° C dropped on the surface of the liver produced no 
change in the hepatic circulation With saline at 10° C the sinusoids 
began to contract immediately, and in about 60 seconds were markedly 
contracted They remamed so for 4 or 5 minutes, then returned to 
normal Saline at 4° C gave rise to a similar response, but the swing 
back appeared to overshoot the normal and lead to slight dilatation 
lastmg 10 to 16 minutes Repeated application of cold resulted m a 
repetition of the above changes each time, but after 6 or 6 applications 
the sinusoids remamed dilated although still responding by contraction 
to cold 

Warm saline at 30° C applied to the hver produced a dilatation of 
sinusoids which lasted about 10 minutes When saline at 40° C was 
dropped on the hver the sinusoids contracted promptly, but within 
60 seconds began to dilate At 60° C , 60° C and 70° C the immediate 
contraction was very marked, but a lastmg ddatation soon followed 
This degree of heat appeared to have caused permanent damage to 
the sinusoids, resulting in dilatation The flow through the dilated 
sinusoids was at first rapid but soon became very slow 

14 Effect of Haemorrhage 

Bleeding from the jugular vein at the rate of about 1 c o a min ute 
produced no obvious effect till about 3 c c of blood had escaped Then 
the sinusoids began to contract, and as the bleeding proceeded the 
portal and hepatio branches contracted too By the time 4 c o of 
blood was lost the hver was blanched, many sinusoids had contracted 
and disappeared from view , a few narrow ones maintained a slow trickle 
of blood The portal and hepatio veins were now very narrow and their 
blood-flow retarded Thin hepatic arterioles could now be seen, in 
which the blood was still very actively flowing, although much slower 
than under normal conditions These changes progressed while the 
bleeding was contmued till about 6 c o had been lost Most rats were 
dymg at this stage The portal and hepatic vessels were very narrow, 
their cahbres uneven, and blood-flow extremely slow Very few sinu- 
soids were visible, and these appeared as interrupted hnes containing 
a few red cells 

15 Effect of Toxic Agents 

A Carbon Tetrachloride — When a cotton swab soaked in carbon 
tetrachloride was held to the nose of mice and rats a slight contraction 
VOL. XNXV, NO 2 — 1&19 7 
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of the sinusoids appeared immediately, but in two or three minutes 
they had returned to normal If the inhalation was contmued for 
about 15 minutes or longer they began to dilate 

Eats averaging 300 g in weight were given 0 25 o o of carbon 
tetrachloride subcutaneously In about 15 minutes the sinusoids began 
to dilate The animals were observed for 3 hours, by which time the 
dilatation was definite though not very great Blood-flow continued 
actively The portal venules, hepatic arterioles and hepatic venous 
radicles showed no appreciable change The liver parenchyma appeared 
normal (fig 13) Other rats were examined 6, 8 and 24hours respectively 
after carbon tetrachloride At 6 to 8 hours the sinusoids were still 
dilated and the blood-flow active, but changes m the central zone of 
the lobule were beginning to appear Here and there cells appeared 
greyish, granular and rather opaque, their outlines were blurred and 
contrasted markedly with the translucent yellow cells of the peripheral 
zones (fig 14) In 24 hours the cell damage was severe, cell margins 
had disappeared and the damaged area had increased in width The 
whole area appeared a mass of structureless grey debris (fig 15) The 
sinusoids passing through it were now compressed, most of them com- 
pletely obhterated Through a few irregular smusoids a trickle of blood 
was reachmg the central hepatic vein In the peripheral zones the 
cells showed no visible change, the smusoids remained dilated and blood- 
flow contmued actively The portal and hepatic veins and hepatic 
arteries appeared normal 

When 0 025 c c of carbon tetrachloride was injected directly into 
the portal vem mottled white areas appeared m the liver immediately 
Microscopically, large scattered areas, mainly periportal, became almost 
bloodless through extreme contraction of smusoids, small portal radicles 
and their terminal branches The central vem with the smusoids 
immediately around stood out m sharp contrast After a few minutes 
the smusoids began to ddate, and in about 15 minutes were widely 
ddated This high concentration of carbon tetrachloride is grossly 
unnatural, and the initial contraction appears to be a non-specific 
response to a strong irritant A similar reaction is seen with other 


^B ^Chloroform —Chloroform gave similar results in rats to carbon 
tetrachloride, though less marked It appeared to be more lethal, for 
several of the animals died of doses tolerated m the case of carbon 
, traehlonde The same violent contraction of smusoids was seen 
after intraportal injections of chloroform as with carbon tetrachloride 
P Dusentery (Shiga) Toxin — 0 2 c c of toxin containing 5 units 
C J aiiWntaneously A moderate dilatation of the smusoids 
WaS P Taf^r 5 or Stmutes and persisted for periods up to 3 hours, 
Eg lot the . kept ^ f Ob— Twenty-four hour, 
after toxin injection no change could be detected 
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D Diphtheria Toxm — Similar doses of diphtheria toxin produced no 
visible effects 

Discussion 


Fine Anatomy of the Liver the Vascular Pattern 

Before embarking on a discussion of the controversial aspects of the 
hver circulation, it will be useful to remind the reader of the normal 
histology on which fairly general agreement has been reaohed 

The portal vein enters the hver at the porta hepatis with the hepatio 
artery and bde duct, and all three soon divide into branches which 
spread to all parts of the hver The vein has m its walls a generous 
supply of capillaries from the hepatic artery The whole vascular 
bundle lies in a bed of connective tissue (Glisson’s capsule) and forms 
the portal canals or “triads” of Kieman, which demonstrate roughly 
polygonal lobules of hver parenchyma round the central hepatic veins 
The hepatic venules converge to form the sublobular veins, which m 
turn join the collecting veins and finally flow into the mam hepatio 
vein Connecting the portal and hepatio radicles are the sinusoids, 
irregular, tortuous channels branching and anastamosmg among the 
hver cells, but in the main taking a radial course from the portal to 
the hepatic veins There is hardly any connective tissue outside the 
hepatic veins so that the hver cells he close against the vessel wall 
Irregular branching phagocytic cells (Kupffer cells) are distributed at 
intervals along the sinusoidal walls With ordinary methods of staining 
all hver cells look singularly alike 

Wakim and Mann [1942 a and 6] have now given good evidence for 
various types of arteriovenous anastamoses which were only suspected 
previously [Cameron and Mayes, 1930] My studies of the transdlumin- 
ated hver of living animals substantially confirms their description, but 
the observations on the origin and termination of the sinusoids, detaded 
on p 81, have not been previously recorded and may have important 
bearings on the physiology and pathology of the hver 

The final distribution of the hepatic artery on whioh there has been 
such a diversity of opinion appears to have been settled by the observa- 
tions of Wakim and Mann, whose findings I can fully confirm However, 
I can find no support for their claim to have seen speoific hver territories 
supplied wholly by artenal or portal blood Direct observation, 
injection of vessels, and the results of vascular occlusion and Eok fistulse 
all indicate that every part of the hver parenohyma receives a mixture 
of portal and artenal blood 

Although all authorities agree that the blood-vessels within the hver 
lobule present special features, the minute structure of the sinusoids and 
their relation to the hver cells still remain debatable despite the careful 
histological studies of a host of workers [His, 1800, MacGillavry, 1804, 
Kolliker, 1867, Henle, 1873, Kupffer, 1876, 1898, Ranner, 1885, 1892, 
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Mmot, 1900, Herring and Simpson, 1906, Lee, 1923, Glog<*en<nesser 
1944] ° 

My observations (fig 16) show the smusoids to be continuously 
fined by a thin transparent membrane m which the Kupfier cells occur 
at regular intervals Whether they are composed of endothehal cells, 
are a syncytium, or are thin fibrous tubes could not be made out, but 
they seemed to differ from the ordinary capillaries only in size and 
distribution I am unable to confirm the presence of valves seen by 
Kmsely The fact that not only blood cells but minute particles of 
India ink measuring 1 p or less remained within the lumen, even w hen 
injected mto the portal vein under considerable pressure, afFords stroug 
evidence that there are no stomata or gaps m the sinusoidal wall larger 
than these particles Whatever its minute structure, the membrane 
is closely applied to but separable from the columns of fiver cells, 
perhaps, as Trowell [1946] suggests, there is a thm protein film between 
the capillary wall and the fiver parenchyma I could see no Disse 
space or fibres connecting the smusoids to the fiver cells Where fiver 
cells had shrunk away or the sinusoid had collapsed, the capillary 
membrane was seen lifted off the fiver cells, but I w as unable to make 
out any collection of fluid, injected dye or other material in this space 

It is surprising that an organ with such a multitude of functions 
as the fiver should possess cells so uniformly similar in all its parts 
Investigators from time to time have conceived the idea of functional 
territories in the liver lobules, and attempted to show structural differ- 
ences by more subtle histological methods Forsgren [1918] observed 
acidophil granules, said to be indicative of bile salts, m the peripheral 
zones only Noel [1923] found that, with an influx of glucose to the 
fiver, glycogen granules appeared first and m largest quantity in the 
cells round the central vein The distribution and activity of nuto 
ehondria were shown by Kater [1931] to have zonal characters Cameron 
el al [1937], as a possible explanation of the zonal and focal distribution 
of necrotic lesions resulting from intraportal injections of carbon tetra- 
chloride, state “It may well be that the fiver is a continually changuig 
mosaic whose pieces may vary m function and vulnerability from time 
to time ” Mann [1942] admits the possibility of these zones of actn ity 

The layer of cells lying immediately adjacent to the central hepatic 
vein (p 87) differs in structure and arrangement from the rest of the 
liver cells and also m its behaviour towards circulating dyes and toxins 
Its significance will appear later when we consider the physiological 
and pathological applications 


Physiology of the Hepatic Blood-Vessels 

l The Distribution of Blood to the Liter Cells —Evidence is fairly 
conclusive from the work of Ser<5g6 [1901], Glenard [1001], Bartlett et al 
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[1914], Molndoe and Counsellor [1927], Copher and Lick [1928], and 
Hahn et al [1945] that the flow in the large portal veins is streamlined, 
and that the blood from various abdominal organs regularly supplies 
specific territories of the hver The effeots I observed after injection 
of dyes either into the portal vein or into the systemic circulation 
confirms this conclusion But although the dye reaches a certain part 
of the hver in high concentration initially, it soon mixes with the 
general blood-stream and passes to the rest of the hver m smaller 
concentration 

There is now httle doubt that widespread and efficient anastamoses 
exist between the hepatic artery, the portal vein and sinusoids, so that 
the hver parenchyma receives mixed arterial and portal blood But the 
relative importance of each component m the maintenance of the hver 
parenchyma is still undecided Burton-Opitz [1910, 1911] found that 
the artery furnished 143 4 c c of blood per minute while the portal 
vein supphed 268 2 c c In another pubhcation [1912] he stated that 
75 per cent of the blood is from the portal vein Baroroft and Shore 
[1912] estimated the arterial contribution as 39 per cent , but concluded 
that the hver at rest takes its oxygen essentially from the arterial 
supply MacLeod and Pearce [1914] found it was 26-32 per cent 
Blalock and Mason [1936] found that the artery supphed 19 5 per cent 
and the portal vein 80 5 per cent 

Although it is agreed that the quantity of portal blood exceeds that 
of arterial blood, the latter appears to be of greater importance m the 
maintenance of the hver cell nutrition This is seen m the results of 
experiments on ligature of the hepatic artery [see discussion by Loeffler, 
1928, and Cameron and Mayes, 1930] Collected studies show that, 
although different animals vary m their behaviour depending chiefly 
on the collateral arterial supply, the exclusion of hepatic arterial blood 
results in the death of considerable portions of the hver Cameron and 
Mayes [1930], who took special precautions to avoid the objections 
raised to previous work, such as infection, insufficient anatomical data, 
insufficient recognition of collaterals, found that hgation of the hepatio 
artery m the rabbit resulted in widespread necrosis 

Ligature of the portal vein, on the other hand, causes only atrophy 
[Solowieff, 1875, Doyon and Dufourt, 1898, Bainbndge and Leathes, 
1907 , Rous and Lanmore, 1920] Diversion of portal blood by an 
Eck fistula also results in atrophy with loss of hepatio funotion, but 
sufficient function remains for maintenance of life under restricted 
conditions [Whipple and Hooper, 1917, Whipple, Robscheit-Robins 
and Hawkins, 1945] 

My observations show that, after an initial temporary reduction, the 
blood-flow m the hver returns to its original rate and volume after 
hgation of either the portal vein or the hepatic artery, due to the presence 
of abundant arteriovenous anastamoses But the oxygen content of 
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tte blood reaching the liver cells must necessarily change Blalock 
and Mason [1936J found that the hepatic arteries supplied 22-38 per 
cent of oxygen in five of their animals and 58-62 per cent in two 
McMichael [1937] showed that in the cat the liver obtained about two- 
thirds of its oxygen from the portal vein under normal conditions of 
blood-pressure But when the blood-pressure is reduced by hiemorrhage 
or shock, the oxygen content of the portal vein blood is reduced and the 
liver comes to depend more and more on the arteiy for its oxygen The 
rabbit is dependent almost entirely on the hepatic artery for its oxygen, 
and gets only an insignificant amount from the portal blood McMichael 
further believes that, apart from the amount of oxygen earned by the 
portal blood, the availability of this oxygen may be determined by some 
inherent property of the liver cells It is possible that “the hepatic 
artery is the dominating source of oxygen supply” [Barcroft and Shore] 
No doubt other nutntional factors are involved, but it is not diffioult to 
understand the necrosis of cells which have a large part of their oxygen 
supply cut off, though the volume of blood reaching them is not 
appreciably altered The hepatic artery is the nourishing vessel of the 
portal vein, and its occlusion results in the degeneration of the vein 
wall and thrombosis, adding the effects of a portal block to the already 
existing arterial obstruction [Loeffier, 1936] 

Within the liver the circulation shows an irregular rhythnncity 
which has been described by Wakim and Mann, and of which I have 
ample evidence Large tracts of liver ore inactive for varying periods 
of time, the sinusoids being dilated and full of blood or contracted 
and nearly empty But it must not be imagined that all contracted 
sinusoids are inactive For instance, after the mjeotion of adrenalin 
the sinusoids contraot but the blood-flow through them is very active 
Contraction or dilatation of sinusoids appears to be one of the methods 


of regulating the volume of blood contained in the liver 

2 Control of Ijitrahepahc Circulation — The effects of stimulating 
the sympathetic and parasympathetic nerves on the circulation of the 
liver have been deduced from the indirect evidence of changes in liver 
volume, changes m hepatic inflow and outflow and alterations in portal 
pressure Bayhss and Starling [1 894 a and 6] found a rise in portal pres- 
sure on electrical stimulation of the splanchnic nerves of dogs Frangois- 
Frank and Bullion [1896] obtained a reduction in the volume of the 
liver and a rise m portal pressure on stimulating the splanchnic nerves 
of the dog Schmid [1909] noted a decrease of inflow through the 
nortal veins and a nse of portal pressure on stimulating the hepatic 
* Wn9 Burton-Opitz [1914] concluded that the hepatic plexus supplied 
vasomotor fibres to the portal rod.eles Neobauer fl913] foood that 

:fth^”a“.ed MacLeod and Pearce [..14] noted that 
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stimulation of the hepatic plexus caused constnotion of the hepatic 
artery and to a lesser extent the portal vein Edmunds [1914-15] 
obtained an increase in hepatic volume on stimulating the splanchmcs, 
which he attributed to constnotion of the sublobular veins Griffith 
and Emery [1930] found a shrinkage of the liver on sympathetic 
stimulation but stimulation of the vagus had no effect Bauer, Dale, 
Poulsson and Riohards [1932] obtamed similar results, but noted also 
that portal inflow and the outflow from the liver both increased on 
sympathetic stimulation MoMichael [1937] found no evidence of para- 
sympathetic action on the hver vessels Wakim [1942], from direot 
observations on living animals, came to the conclusion that stimulation 
of the sympathetic plexus caused constriction of the mtrahepatio 
vessels, while stimulation of the vagus had no perceptible effect 

My observations agree with the findings of the last workers, but the 
blood-flow appeared to be accelerated in the constricted vessels The 
whole appearance was one of increased activity, and may explain the 
reduction in volume with increased outflow and increased portal pressure 
obtamed by some of the experimenters The hver therefore appears to 
receive vasoconstrictor fibres from the sympathetic but no vasodilators 
from the parasympathetic 

It has been demonstrated by many workers that adrenalin decreases 
the hver volume by eonstnctmg the hepatic arterioles, portal radicles 
and sinusoids [Burton-Opitz, 1912, MacLeod and Pearce, 1914, Lamson 
and Roca, 1921, Loeffler and Nordmann, 1925, who made direot 
observations of. transilluminated livers, Lampe and Mehes, 1926, 
Clark, 1928] The majority of them also noted a rise of portal pressure 
and some an increased outflow Bauer, Dale, Poulsson and Riohards 
[1932] found that m dogs, adrenalin constricted ramifications of both 
hepatic artery and portal vein, whilst opening the “sluice” mec hanis m 
located near the opening of the larger hepatic veins into the inferior 
vena cava MoMichael [1932] suggested that the decrease in the 
hver volume as measured by a plethysmograph indicated that the 
constrictor effect must be on the portal venous ramifications and not 
on the sublobular and larger hepatic veins Tschernogoroff and 
Popoff [1936] also noted a decrease m hver volume and a rise of 
portal pressure in dogs From perfusion experiments Chakravarti and 
Tnpod [1940] concluded that all sympathetic drugs contracted the portal 
radioles and hepatic arterial branches, which increased the resistance 
to jnflow and raised the portal pressure , at the same time they opened 
the “sluice mechanism,” thus increasing the outflow, dra inin g the hver 
of blood and reduomg its volume 

My experiments suggest a marked constriction of all the ramifications 
of the portal radicles, sinusoids and hepatic arterioles with adrenalin 
Although I was unable to identify a “sluice” mechanism, the extreme 
activity and rapidity of flow m the narrow sinusoids indicated that 
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resistance to the outflow had been reduced, which may well be the 
opening of the “sluice ” 

The evidence is fairly conclusive that sympathetic nerves and certain 
internal secretions like adrenalin can influence the hepatic circulation, 
but it is not quite clear under what circumstances these mechanis ms 
act The sympathico-adrenal system is called upon as an emergency 
measure when the body has to cope with some sudden emotional or 
physical stress [Cannon, 1932] Among other effects it causes 
acceleration of the heart, faster blood-flow, a rise of blood-pressure, 
splanchnic vasoconstriction and a redistribution of blood These 
must certainly reflect on the liver circulation in addition to any direob 
sympathetic and adrenal effects It is perhaps under such conditions 
of stress and pain that sympathetic and adrenal control of the liver 
circulation is called upon In my experiments a wade variety of 
qtimuli — e g trauma, burns, heat and cold, and mechanical stimuli — 
caused a temporary contraction of sinusoids before their more specific 
effects became apparent The one common property of all these 
stimuli is that in the unanoesthetised animal they would be painful It 
seems therefore fair to suggest that painful stimuli called forth the 
sympathico-adrenal response, the effects of which on the liver are 
vasoconstriction with increased rate of flow 


The action of acetylcholine on the liver circulation has been investi- 
gated with a view to estimating parasympathetic influence Hunt 
[1918] observed a diminution in liver volume with small doses, winch he 
ascribed to diminished inflow during the general vasodilatation With 
larger doses in dogs he found this diminution followed by an increase 
m volume, which he thought was due to increased inflow through a 


dilated hepatic artery when the general effect was passing off Bauer, 
Hale, Poulsson and Richards [1932] could find no marked effeot in the 
dog even with large doses There was, however, a tendency to relaxed 
arterial tone, retardation of portal flow, increase of liver volume and 
decreased outflow McMichael [1933], m a series of careful]} controlled 
experiments in the cat, demonstrated a constrictor effect on the portal 
vem with large doses With smaller doses he noted an initial fall in 
portal pressure due to diminished inflow into the portal system as a 
result of general vasodilatation and diminished cardiac output followed 
by a rise due to increase of general venous pressure during the cardiac 
slowing He found no evidence of any parasympathetic dilator action 
on hepatic vessels The contraction with large doses was, he thought, 

a direct effect on the vessel wall 

In my experiments acetylcholine, after a momentary contraction, 
nrnduced dilatation of sinusoids and portal ramifications with stasis of 
Wood The appearances suggested that the vasodilatation and retarda- 
hon were effects of the peripheral vasodilatation and cardiac slowing 
Se fact that with local application the constriction was immedmte. 
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but dilatation was no more rapid than by injection into the portal or 
systemic circulation, indicates a direct constrictor effect as suggested by 
MoMichael, followed by a delayed dilator effect resulting from extra- 
hepatic vascular changes It is clear that the hver blood-vessels are 
susceptible to acetylcholine But stimulation of the vagus results m 
no vascular response One must, therefore, infer that vagus fibres do 
not reach the hepatic blood-vessels 

Mautner and Pick [1915, 1922, 1931 a and 6] and Lamps and Mehes 
[1926] demonstrated the “sluice” mechanism on which histamine and 
other “shock poisons ” have a powerful constrictor effect According to 
Bauer, Dale, Poulsson and Richards [1932] the site of aotion of histamine 
was m the neighbourhood of the caval entries Dale and Richards 
[1918] and Dale and Laidlaw [1919] thought that the peripheral 
capillary ddatation and the effects on the general circulation were the 
dominant factors 

The very rapid dilatation I noticed with histamine or fight trauma, 
such as stroking the fiver surface, which presumably liberated histamine- 
fike substances, appeared to be a direct effect on the sinusoidal wall 
The reduction in the rate of flow appeared to be the result of widespread 
capillary dilatation, although the closing of a sluice mechanism cannot 
be altogether demed 

A third factor which undoubtedly influences intrahepatic blood-flow 
is respiration The portal pressure rises during inspiration and falls 
during expiration Schmid [1909] attributed these variations to changes 
m intra-abdominal pressure McMiohael [1932], however, points out 
that the fluctuations are present even when the abdomen is open and 
therefore mtra-abdonnnal pressure cannot be entirely responsible He 
suggests that the factor responsible is the squeezing effect of the 
descending diaphragm Franklin and Janker [1937] also noted 
emptying of the fiver vessels during inspiration and concluded that the 
mam hepatic outflow was during inspiration My experiments indicate 
a general constriction and emptying of the sinusoids during deep 
breathmg with an increase m the constriction during inspiration m each 
respiratory cycle The squeezing aotion of the diaphragm no doubt 
plays a part But it is well recognised that the mcrease of negative 
pressure during inspiration has an aspirating effect on the great veins 
m the thorax It is conceivable that this effect is communicated to 
the hepatic veins which open directly mto the inferior vena cava quite 
close to the heart, provided no sphmcteno action intervenes at the ostia 
of the hepatic vein 

Relation of Hepatic Circulation to Hepatic Pathology 

The peculiar distribution and connections, the high reactivity, and 
the very abundance of the fiver vessels must play a large part m the 
pathogenesis of lesions m the hver 
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In my transillumination experiments haemorrhage was seen to 
produce marked narrowing of the liver vessels Pilcher and Sollman 
[1914] showed that blood-vessels of organs responded to haemorrhage 
by contraction, which they thought was effected through the vasomotor 
nerves According to Cannon [1932], haemorrhage resulted m con- 
traction of blood-vessels through the operation of the sympathico- 
adrenal response Long [1947] mentions haemorrhage a3 one of the 
factors that releases adrenalin My observations are in conformity 
Such narrowing of vessels and retardation of blood-flow in the liver 
occurred, that derangement of hepatic function must certainly be 
expected to result Ireneus and Puestow [1934] found that after 
massive hemorrhage in dogs there was a reduction in the ability to 
assimilate galactose and a prolongation of the prothrombin time 

There is experimental evidence that alterations in blood-volume 
influence blood-flow in internal organs, including the hver Forbes 
and Nason [1936] injected hypertonic saline and urea and found by 
direct observation two types of reaction in the cerebral vessels of the 
cat an immediate dilatation of the arteries and arterioles due to a 
direct action, and a delayed dilatation of venules probably due to a 
shift of fluid from the subarachnoid space to the blood-stream Earlier, 
Bayliss and Staring [1894] had demonstrated that the portal system 
took up a large portion of the extra volume resulting from mtra venous 
injection of hypertonic solutions With intraportal injection of hyper- 
tomo solutions I observed a dual response of the hver vessels an 
immediate contraction of sinusoids, due probably to a direct action, 
followed by a delayed ddatation, probably resultmg from the morease 
in blood-volume due to withdrawal of fluid from the tissue spaces into 
the blood-stream 

An experimental procedure which is of interest and has its parallel 
m human pathology is the obstruction of the hepatic veins Chrome 
venous congestion or “nutmeg hver” is a familiar pathological finding 
The effect of obstructing the hepatic vein has been studied experi- 
mentally by Bolton [1914], Jacobson and Goodpasture [1918], Simonds 
and Brandes [1926], Simonds and Calloway [1932], Simonds and 
Jergesen [1936], Bolton and Barnard [1931] and Kelsey and Comfort 
[1946] They all found marked congestion and enlargement of the 
hver, dilatation of all its vessels, and central necrosis of the hver lobules 
My observations agree with these findings, showing a great and rapidly 
developing dilatation of the sinusoids and other vessels m all parts of 
the liver, which is the result to be expected when the only outflow from 
the hver is obstructed But what is of great interest is the localisation 
of the necrosis to the cells round the central vem of the hver lobules 
It is now generally agreed that the necrosis is not due to pressure In 
my experiments, vessels and sinusoids in all parts of the hver were 
equally dilated The central zones showed no difference If pressure 
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were responsible, the peripheral zones where it 13 highest should suffer 
most Anoxia is suggested as a cause and is accepted by most 
authorities Blalock and Mason [1936] demonstrated a rapid fall in 
oxygen tension within the liver lobule from the periphery to the centre 
The hepatic vein blood contained much less oxygen than blood from 
other veins It is clear that with a retarded blood-flow the peripheral 
cells have greater opportunities for removing oxygen, reducing further 
the oxygen tension in the blood reaching the eentrdobular zones 
Without minimising the importance of the above factor, I wish to draw 
attention to the structural and functional differences (as shown by 
behaviour to circulating dyes) which I have described in the centn- 
lobular cells, and to offer as an additional factor Mallory’s [1914] 
suggestion that the greater vulnerability of the eentrdobular cells is due 
to their greater functional activity and higher degree of specialisation 
Severe anoxia is known to he a potent cause of capdlary damage, 
and the liver sinusoids appear to afford no exception Campbell [1928] 
exposed rabbits, guinea-pigs, rats and mice to very low oxygen tensions, 
and found engorgement of the liver with dilatation of the sinusoids He 
described the liver-cell columns as merely threads m a network, and a 
drawing of a mouse liver shows enormously distended sinusoids He 
suggested two possible causes plethora following polycytlneraia due 
to anoxia, and liberation of histamine-hke substances Rich [1930] 
placed rats in low oxygen tension chambers and showed diminished 
abdity to excrete intravenously injected bihrubm and changes in the 
liver cells Hurtado et al [1945] suggested insufficiency of the liver m 
excretion of pigment to explam the liyperbilirubmremia observed at 
high altitudes My observations suggest that the ddatation was too 
rapid to be accounted for by plethora I have no evidence to confirm 
or deny the possibility of histamine-like substances being liberated 
Whatever the cause, anoxia results in damage to the sinusoids, leading 
to marked dilatation of sinusoids and retardation of blood-flow which 
must certainly affect the nutrition of the liver parenchyma and derange 


its function 

In investigations on the pathogenesis of hepatic cirrhosis, the effects 
of toxic agents on the liver have been extensively studied Chloro- 
form, alcohol, tar, carbon tetrachloride, phosphorus, manganese, arsenic, 
copper, bacteria and their products are some of the agents used Moon 
f 19341 reviews a very complete list The literature on carbon tetra- 
chloride the most studied substance, is fully reviewed by Cameron and 
Kurunaratne [1936], who describe in detail the histological changes 
oroduced m the liver After a single dose they found little evidence of 
ihan-m until between 5-24 hours Degenerative changes, accompanied 
L marked congestion, then appeared m the central and mid zonal 
^ ns Wakim and Mann [1942 6] obser\ed in transdlunnnated rat 
Tvfrs a momentary constriction of sinusoids with quick recovery wli on 
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carbon tetrachloride was inhaled With longer exposures or sub- 
cutaneous injections they found degenerative changes in the liver cells 
and obliteration of sinusoids, but they describe no precise distribution, 
and it is the peculiar centrilobular distribution which needs explanation 
Glynn and Himsworth [1948] studied the mtrahepatio circulation after 
carbon tetrachloride by mjeotion of mandarin black into the portal 
circulation through the spleen, and concluded that the circulatory 
impairment due to compression of sinusoids by swollen liver cells in the 
periphery of the lobule accounted for the central necrosis A direot 
constrictor effect on the sinusoids was discounted, because similar changes 
were found in necrosis due to dietetic insufficiencies, and in vascular 
occlusions, neither of which cause spasm of sinusoids Andrews and 
Maegraith [1948], also using India ink, came to a similar conclusion but 
found constriction of sinusoids m the mid-zonal region Their micro- 
photographs show patent and even dilated sinusoids m the periphery 
of the lobule 8 and 24 hours after carbon tetrachloride They refer to 
the constant findings of congestion by Cameron and Karunaratne, and 
admit that more than one mechanism may lead to centrilobular anoxia 
The senes of changes m the livers of rata which I have observed 
suggest a different mechanism The initial constriction of vessels 
appears to be the common response of the sinusoids to any irntant, 
for it occurs on rapidly injecting hypertonic saline, 40 per cent urea, 
cold normal saline or 50 per cent glucose directly into the portal vein 
After carbon tetrachloride, dilatation soon follows and persists In 
6-8 hourB degenerative changes are seen m the cells of the central 
areas, while the sinusoids m all parts of the lobule are still dilated and 
very active Dyes and India ink injected at this time reach all parts of 
the lobule readily The degenerative changes progress and ultimately 
compress and disorganise the sinusoidal pattern in the centrilobular 
zones I wish to emphasise that the central cells degenerate first and 
disorganisation of the circulation follows as a direct result The 
central necrosis appears to be the result of direct action of carbon 
tetrachloride, although it has been argued that the cells first m contact 
with the substance should show most damage I offer three possible 
explanations suggested by structural and functional differences in the 
central zones to which I have alluded before 

(l) The centrilobular cells abstraot and concentrate dyes It is 
reasonable to believe that they do the same to toxic agents 
(n) They are more vulnerable owing to greater functional activity 
and to structural differences 

(m) Rous, Gilding and Smith [1930] demonstrated a gradient of 
permeability in the capillaries of muscles increasing from the 
artenal to the venous end The greatest permeability was at 
the junction of the capillary with the vein Dyes circulating 
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m the hver appear in greatest concentration outside 
the central sinusoids and their junctions with the central 
hepatic vein, a position analogous to the capillary venous 
junction in muscles, suggesting a similar permeability 
gradient which will allow toxic material to leak out in 
maximum quantities in the central zones 

The frequent occurrence of secondary malignant deposits and 
pyaemic abscesses is evidence of the readiness with which emboh are 
arrested in the hver circulation On the other hand, the rarity of 
infarcts from embolism is well known Complete lists of the cases 
reported m the literature, which are far from numerous, reviewed by 
Zimmerman [1930], Lund, Stewart and Lieber [1935] and Pass [1935], 
show that many of them are not true infarcts but focal necroses resulting 
from trauma, infection or toxins Frequent collateral arterial supplies, 
numerous arteriovenous anastamoses, and complex sinusoidal con- 
nections render it almost Impossible to cut off the blood-supply to 
the hver cells by occluding a short segment of any mtrahepatio vessel 
The effect of circulating starch granules bears out this statement 
Although they are arrested at numerous points in the vessels, blood-flow 
is not affected, the points of obstruction being easily by-passed A 
considerable length of portal vein with its branches and arteriovenous 
connections must be occluded before an embolus can shut off the 
blood-supply to the liver cells 


Summary and Coxclusions 

The circulation m the intact hver and its reaction to various stimuli 
were studied in frogs, mice and rats by a modification of Kmsely’s 

transillummation technique 

Characteristic patterns in the anatomy and distribution of the portal 
and hepatic veins are described Sinusoids appear as thm-walled 
collapsible tubes with complete linings Arteriovenous anastamoses 
are frequent, and reconcile the runty of infarcts from embolism with the 
frequency of pyamuc abscesses and metastatic deposits The behaviour 
of circulating dyes and toxic agents suggest the presence of functional 
in the hver lobule Certain structural differences, too, aro 

noticed m the centrdobular areas 

Under normal conditions the hver circulation shows an irrogularly 
intermittent rhythmicity Blood-flow is under sympathetic control 
f V rhere is no evidence of a parasympathetic supply A chemical 
x i o chested by the effects of hormones such as adrenalin, 
acetylcholine ^and histamine, while respiration has a very definite 

such as obstruction of the lessels, mechanical trauma, 
hcemonhage, heat and cold induce rapid responses m the liver circula- 
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tion Indeed the centrally important observation is the readiness 
with which it reacts to stimuli, and this may have a significant bearing 
on the pathogenesis of liver diseases 
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Introduction 

Homer Smith and his colleagues [1937] have claimed that the measure- 
ment of the renal clearance of mulin is a valid method for the 
determination of the rate of glomerular filtration When applied to 
human subjects, the difficulties of the procedure [Smith, Goldrmg and 
Chasis, 1938], which involves continuous infusion of muhn and the 
collection of carefully timed and accurately measured samples of urme, 
have militated against the general use of the method Hence simpler 
though less precise tests of renal function have retained their popularity 
m cluneal work 

Many attempts have been made to simplify the measurement of 
muhn clearance, an indication at once of its potential value and its 
difficulty Alvmg and Miller [1940] assumed that about sixty minutes 
after a single intravenous injection of muhn, equilibrium was attained 
between the concentration m the plasma and that in the extravascular 
fluid, the plasma concentration thereafter decreasmg exponentially 
with time, as a result of the renal excretion of muhn They collected 
urme over measured intervals and calculated the mean values of 
the plasma-muhn concentration for these intervals, by interpolation, 
from the curves relating this quantity to time No material simplifica- 
tion was mtroduced by Findley and White [1940], who injected muhn 
subcutaneously instead of by the intravenous route, the necessity for 
catheterisation remamed Nor was muoh real help obtained from the 
suggestion of Earle and Berliner [1946] that a sustaining infusion of 
muhn given at such a rate as to maintain a constant plasma-muhn 
concentration would itself measure the rate of loss of muhn from the 
urme Although this procedure would dispense with the necessity for 
collecting and measuring urme, it demands, inter alia, pnor knowledge 
of the rate to be measured, since muhn cannot be determined m plasma 
sufficiently rapidly for the mfusiou rate to be adjusted and readjusted 

ill 
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in the course of a single experiment Furthermore, tbe method involves 
the assumption that constancy m the plasma concentration of muhn 
necessarily implies constancy m the total amount of mulin m the body, 
variations in the amount of muhn m the extravasoular compartment, 
however, cannot be detected Landowne and Alvmg [1946] have 
proposed a method by which, from a single injection of para-anuno- 
hippunc acid, calculation yields figures representing the glomerular 
filtration rate, renal plasma flow and maximal tubular excretory capacity , 
this method again demands the collection of urine by catheter over short 
periods of time 

The use by Barnett [1940] of the single injection method, and the 
calculation of clearance from the slope of the fallin g curve obtained by 
plottmg plasma mulrn concentration against time on senii-loganthmic 
paper, was an attempt to evade the major technical difficulty of accurate 
collection of urine by catheter The validity of the method is dependent 
upon the truth of the assumption that the intravenous injection of 
muhn is followed by a penod m which the plasma level rapidly falls 
until equilibrium between plasma and extravascular body fluid is 
attained, and that thereafter the plasma concentration is a simple 
exponential function of time It will be shown that this assumption 
is unjustified, but that it is, nevertheless, possible to measure accurately 
the renal clearance of muhn without catheterisation 


Part I Volume of Distribution 
Theoretical Considerations 

When muhn is introduced mto the blood-stream, part passes out of 
the blood-vessels and is distributed in the body fluids It is established 
that m uhn is neither destroyed nor stored m the body [Smith, 10 37] 
Kruhofler [1946] has shown that it does not enter red blood cells or 
hver cells, nor is it fixed by the reticuio endothebal system Ho presents 
evidence that it becomes distributed m a volume approximately equal 
to the extracellular space It is excreted from the body solely by tlio 
kidneys at a rate which is reported to be proportional to tho plasma 
level [Shannon and Smith, 1935, Miller, Alving and Rubin, 1940] 

Dominguez [1934, 1935] claimed that -when creatinine was injected 
mto the blood-stream it became evenly distributed tlirougliout a 
“volume of distribution,” and that equilibrium between % oscular and 
extravascular fluids was then maintained in the face of continued 
excretion of creatinine by the kidneys The same conception was 
annhed to galactose [Dominguez and Pomerene, 1944] and was invoked 
in the calculation of the renal clearance of mannitol and mulin b> 
Newman Bordley and Winteraitz [1944], Barnett [1940], Alving and 
Miller (1940), and more recently for manmtol by Dominguez, Corcoran 

and Page [1947] 
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The volume of distribution as defined and used by these -workers is 
simply that volume which would contain all the solute present in the 
body if it were evenly distributed at the concentration found in the 
plasma This may be expressed algebraically thus 

F.=§?, ( 1 ) 

where V x =the volume of distribution of the substance under 
consideration 

X b =the total amount of the substance m the body 
P =the concentration of the substance in plasma water 

It is clear that if the concentration of solute is in fact uniform 
throughout the fluids which contain it, the function V a has a real 
significance, for certain solutes, for example, it appears to equal the 
plasma volume plus the volume of extravascular extracellular fluid If 
the concentration of the solute is not uniform throughout these fluids, 
the value of the function V x will bear no obvious relation to the volume 
of any actual fluid compartment Whichever of these possibilities 
represents the true state of affairs in a given oase is immaterial to the 
concept of the volume of distribution In either oase, the volume of 
distribution as defined will be constant so long as equilibrium is mam- 
tamed between the vascular and extravascular fluids but it cannot be 
constant otherwise 

Tor mulin, equation (1) may be written 



where V, =the volume of distribution of mulin 

It,— the total amount of mulin m the body 
P =the concentration of mulm in plasma water 


The value of the function 7 1 =~, at a time when equilibrium does not 


exist, provides a measure of the difference between the concentration of 
muhn m plasma water and the mean concentration in the volume of the 


extravascular compartment throughout which muhn is distributed, 
since it may be assumed that the volume of plasma water remains 
constant and the volume of distribution during the time of equilibrium 
has a unique value Moreover, the rate at which the function F/ ohanges, 
following the intravenous injection of muhn, provides a value for the 
change m the amount of muhn m the extravascular compartment 
relative to the plasma-water concentration, with respect to time 
These relationships may be seen from the following analysis — 
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Let Ig^the total amount of inulin in the extravascular compart- 
ment of the volume of distribution 
-E=the Tnean concentration of mulin m the extravascular 
compartment of the volume of distribution 
V t =the volume of the extravascular compartment throughout 
which mulin. is distributed 
V B =the volume of the plasma water 
I p =the total amount of muhn in the plasma 


Then 


By definition, 


t 7 L> I B + It 

*~P~ P 


I,=P*V, 

1 p p 


V P + 


V.E 

P 


Differentiating with respect to time, 


dV t 

dt 


dV v 

dt 




Methods I 


Determination of the Function 



The determination of the values of the function 



at intervals 


following the intravenous injection of muhn was performed on nine 
subjects ranging m age from 25 to 78 years Five were old people 
suffering from varying degrees of hypertension but who otherwise had 
no complaint The remaining four were normal volunteers With 
the exception of the tiro female volunteers, who were permitted to be 
sedentary, the subjects were recumbent during the period of t ho 


^Msubjects were prepared by fasting overnight, no breakfast was 
mven and they were urged to dnnk ample fluid Accurately measured 
amounts of mulrn, dissolved either in normal saline or in 0 5 per cent 
^um acacia in normal saline, were given intravenously Each injection 
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took approximately five minutes, and the time of the injection was 
reckoned as the mid-point of that period Venous blood was removed at 
intervals of about twenty minutes for two to three hours after injection 
Except from the two normal female volunteers, urine was collected by 
catheter over periods of approximately twenty minutes for a similar 
length of tune, the bladder was washed out with 20 ml of normal 
saline before each collection, the exact time of all procedures was 
noted The female volunteers passed urine spontaneously at twenty- 
minute intervals, and errors in collection were minimised by establishing 
urrne flows of over 10 ml /minute during the period of the experiment 
Inulin was determined in all urrne and plasma samples by Cole’s un- 
published modification of Steimtz’s method [1938], m which inulin is 
hydrolysed to fructose, the SehwanofE reaction being then applied and 
the colour read m a Hilger photoelectric colorimeter using an Ilford 
colour filter No 302 

The total mubn m the body at each time of urine collection was 
derived by subtraction of the amount excreted from the amount injected 
The values of P employed were derived from the plasma mulm-time 
curve at the times of urine collection They were converted to 
mg muhn/100 ml plasma water, using the formula total plasma 
water/100 ml plasma = 100 -plasma proteins m g /100 ml plasma 
[Goldnng and Chasis, 1944] The values for 7/ so obtained, expressed 
as hires, were plotted against time on simple graph paper 


Results I 


Table I presents the clinical features of the subjeots and the results 

of the values for 7/=~ calculated at intervals following the injection 
P 


of mulrn In all subjeots the function V t shows an increase with time 
throughout the period of the experiment The initial values, calculated 
from 16 to 38 minutes after injection, range from 7 2 to 13 9 l The 
final values, calculated at times varying from 68 to 150 minutes following 
injection, range from 12 1 to 28 4 1 Increasing the dose of inulin from 
49 7 mg to 217 0 mg per kg body-weight, as in case No 1 (JE ), has 
little effect on the value for F; 20 to 40 minutes after injection, but 
produces a considerable increase m V t later 

Fig 1 for cases 2—9 and fig 2 for case 1 ( J R ) illustrate graphically 
the change of 7/ with respect to time Each hue is drawn between the 
values of Vj calculated respectively 20 to 40 minutes and 100 to 120 
minutes after injection, without consideration of the intermediate 
points which, however, fall close to the hue In case 2 (G S ) the final 
value for 7 / was calculated only 68 minutes following mjeotion 

The results clearly indicate that at no time during the period of 
the experiments did the function 7 t attain a constant value Following 
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Table I — Clinical Features, Intjlin Dose, and Valdes op the Function 
Vi Calculated at Intebvals pollowino Injection 


Subject 
1 JM 


2 fiS 

3 WH 


4 MR 


5 MF 


0 M-M" 


7 HL 


Sex 

Age, 

years 

Weight, 

kg 

BJ\ 
mm Hg 

M 

27 

69 

116/75 


M. 

69 

63 2 

210/120 

M 

44 

66 8 

140/90 

F 

25 

55 5 

120/70 

F 

44 

67 7 

110/70 

F 

72 

60 5 

250/140 

M 

75 

69 5 

200/130 


Inulin 

dose, 

Time in mina 
following 


mg /kg 

injection 

litres 

49 7 

25 

10 5 


54 

12 3 


90 

13 2 


120 

14 5 

100 4 

30 

10 9 


74 

15 2 


117 

18 7 

146 4 

26 

10 1 


60 

13 8 


87 

16 2 


120 

19 0 


160 

20 6 

217 0 

30 

10 J 


58 

13 7 


90 

17 0 


120 

20 4 


147 

24 1 

62 9 

26 

11 1 


48 

13 1 


68 

16 1 

126 5 

20 

72 


40 

95 


59 

10 2 


81 

11 2 


100 

11 9 


120 

12 2 

146 6 

35 

12 7 


65 

14 2 


75 

15 4 


95 

15 7 


120 

16 5 

137 5 

17 

7 4 


32 

93 


51 

10 7 


72 

11 8 


92 

13 0 


117 

14 2 

112 0 

38 

87 


58 

9 6 


78 

10 6 


98 

11 5 


119 

12 1 

136 7 

16 

9 5 


37 

12 1 


50 

14 1 


77 

15 8 


97 

17 1 


118 

18 4 


147 

20 4 


® o W 00 h *4 Ol W 03 Cl 
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Table I — Continued 






BP, 
mm Hg 

Inulin 

TimemmmB 

htres 

Subject 

Sex 

Age, 

jears 

Weight, 

kg 

dose, 
mg /kg 

following 

injection 

8 AA 

M 

78 

77 7 

200/100 

101 9 

30 

51 

13 9 
18 0 







71 

21 8 
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28 4 

9 JO 

M 

75 

60 5 

230/115 

98 1 

20 

8 5 






40 

10 2 







62 . 

11 2 







81 

11 8 







101 

12 6 







121 

13 1 


the intravenous injection of inulin, therefore, equilibration of distribution 
between the plasma and the estravasoular fluids did not ocour The 



Fia 1 — Values of the function 7 ; plotted against time on simple graph paper for 
subjects Nos 2—9 The numbers shown correspond to the subjeots as listed m the 
tables The line drawn in each case is that between the value of 7 j calculated 
between 20 and 40 minutes following injection and the value calculated 100 to 120 
minutes following injection, without consideration of intermediate points 


implications of this conclusion on attempts to derive the renal clearance 
of inulin from the slope of the plasma m ulin -time ourve following 
intravenous injection are discussed in the theoretical considerations 
which follow 



O to *0 60 to ,oo ,20 

TIME in MINUTES 

Fio 2 — Values of the function V j plotted against time on simple graph paper for 
four experiments performed on subject No 1 (J.R ) The symbols indicate tho 
dose of inulin m each experiment The lines drawn are those between tho values 
of Vj, calculated 20 to 40 minutes and 100 to 120 minutes following injection, 
without regard to intermediate points. No line is drawn between the points 
derived in the experiment using inulm given in the dose 148 4 mg /kg 

body weight 


Part II Renal Clearance 


Further Theoretical Considerations 


Tnnlin disappears from the body at a rate determined only by the 
renal exoretion [Smith, 1937] This may be expressed 


dh 

dt 


= -uv. 


(3) 


where uv equals the rate of excretion of mulin m the urme 

The negative sign indicates that the change m the body is a loss 
By definition, 

I b =P x Vj 


dl b 

dt 






dV, „dP 

- uv = p ir +Vi n 


uo d\ i Vj dP 
~P~~!t' r 'P dl 


By formula (3), 
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uv 


represents the clearance m terms of plasma "water 


its constancy and representing it by >U, we have 


V,dP 
P dt 



Assuming 


(4) 


If, following the injection of inulin, equilibration between plasma and 
the extravascular component of the volume of distribution were attained 

dV 

and maintained, the function would become zero since V { would be a 

dt 

constant Under these circumstances formula (4) becomes 


dP 

7 n- 


■CP 


(5) 


This is the formula established by Newman, Bordley and Wmtermtz 
[1944] for mannitol and stated by them to be applicable to inu lm Its 
validity depends upon its being restricted to the circumstances govern- 
ing its derivation, i e upon the establishment and maintenance of 
equilibrium between the compartments of the volume of distribution 
Indeed, it is only in these circumstances that the plasma concentration 
of any substance not metabolised, and excreted by a renal mechanism 
at a rate proportional to the plasma concentration, is exponentially 
related to time 

The error introduced by the application of formula (5) to circum- 
stances in which equilibration following injection is not maintained 
may he derived as follows — 

Rearranging formula (5) and substituting C' for the value of 
clearance obtained by its use and V/ for the volume of distribution at 
eqrukbnum, we have 


By formula (4), 


V/dP 
P dt 

VjdP dVj 
P dt dt 


The error m plasma water clearance between these formulae 


is 


P dt P dt dt 

V/ - Vj dP dVj 
P dt dt 

It is seen that the error is not constant with time 
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At time t, such that Fj=V/ (i e when E is directly proportional 
toP), 

dVj 


C~C'= — 


dt 


At any other time the error increases or decreases according to whether 
V i is greater or smaller than V/, i e according to whether P is smaller 
or greater than the mean concentration of m ulin m the extravasoular 
compartment of the volume of distribution 

For the purpose of solving equation (4), the simplifying assumption 
is made that between definable limits of time and mulin dose the 

function Fj=~~ is linearly related to time Figs 1 and 2 suggest 

that this assumption is justified as an approximation, but the magnitude 
of the error introduced will be discussed later For the purpose of 
farther analysis, therefore, the function V I can be expressed as a hne, 

V x ~cl h -bt , 

where a and b are constants of the hne 
Formula (4) then becomes 


a + btdP 


= -(C+b) 


P dt 

Solving this differential equation for P, we have 

( G + bl 


In P * = - 


-ln(a + bt) -fin K, 


where in K is the constant of integration 

(C+fl 

In P=ln K(a + bt)~ 4 

<C+t) 

P = K(a+bt)~ 4 


or 


(C + i) 

P =KVf~ 4 


( 6 ) 

(7) 


It is clear that equation (7) may be solved for C, given two plasma 
water mulin values P, and P* determined at times t } and U, witli.n the 
hunts of time during which it may be assumed that V , is linear 

* “la” =natural logarithm 
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Let (Vi) x and (F,)., equal the function 


h 

P 


at times t x and t 2 , 


we have 


and 


_(£+ 6 ) 

Pi-jf(F,)r 6 

(g+6) 

Pn—K(Vl)i * 

log Pi -log P 2 = -^[log (F/Ji-log (F/JJ * 


6(Iog Pi -logP 2 ) 
log (F/) 2 - log (Fj-)i 


(8) 


The oalculative error m the determination of renal clearance 
employing formula (8) is solely the error introduced by the assumption 
of linearity in the function F r The error is represented by deviations 
of the values of P determined by the use of formula (6) from those 
derived from the plasma muhn-time curve constructed from experi- 
mentally determined plasma levels For this purpose formula (6) can 
be rearranged 

(g+&) 

P=K(a+bt) b (6) 


Put 


(04 6 ) 

P=Ka~ * I 



( 0 + 6 ) 

6 


(C+6) 

P a = Ka b 


( 9 ) 


P 0 is the value of P corresponding to the time i = 0 

The method of application and the results obtained by the use of 
formulas (8) and (9) with data derived from experiments performed on 
human subjects will be discussed m the next section 


Methods II 

The Experimental Determination of the Renal Clearance of Inuhn 
The renal clearance of inuhn was determined on nine subjects, using 
tbe data obtained m tbe experimental determination of the function 

Fi=~ and utilised in constructing Table I Values for renal clearance 

following tbe intravenous injection of muhn were obtained during two 
to six periods of approximately 20 minutes each, by dividing tbe mean 

* “log” =loganthm to the base 10 
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rate of mulin excretion per minute by tbe plasma level, the latter 
being read from tbe curve of plasma-inulin values plotted against 
time Tbe concentration selected was tbe one occurring 21 minutes 
before tbe mid-point of tbe clearance period * Although unne was 
collected approximately every 20 minutes after injection, no clearance 
value was calculated before 30 minutes following injection, tbe phase 
of rapidly falling plasma inuhn being thus avoided No clearance 
was calculated after tbe plasma mulin bad fallen below 15 mg / 100 ml 
plasma Tbe values obtained in this way will be termed “experi- 
mentally determined” clearances 


The Determination of the Benal Clearance of Inuhn Employing 

Formula 8 


Between the times t 1 and t 2 , stated m each ease, and approximately 
30 and 120 minutes respectively after injection, tbe curves of the 

function Vr—~p were assumed to be knearly related to time Tbe 


times t x and l 2 corresponded to the times of unne collection, and tbe 
values of the function Fy at these times were obtained by tbe method 
already descnbed Values of P x and P 2 were obtained from tbe plasma 
inukn-time curve They were expressed in terms of mg mukn/100 ml 
plasma water Tbe constants of tbe bne between the points t x (V { )y 
and <-(Vy)j were calculated for each ease t Introducing the values 
for b, P x and P., (F/h and (Fy), into formula (8), a value for C was 
denved for each case 

In the use of the formula, it is convenient to employ values for (V y) x and 
(F/)o expressed in terms of hundreds of ml By so doing, the v alues of C 
obtained can be directly converted to values which represent the plasma 
clearance per minute by the multiplication of the values for C by the factor 

10,000 

100 -g of plasma protein 100 ml 


For ordinary purposes, the plasma protein concentration may bo taken as 
6 g per 100 ml , so that the renal clearance of mukn equals C x 10C 


* The use for P of a value 2$ minutes prior to the mid point of the cloaranco 
od as the mean plasma level of mulm for the ponod is of coureo an appro vima 
P 611 'it is however, justified on the bast3 that the value obtained in this way 
not differ significantly from the value obtained by estimating the area sub 
does not mu hn time curvo between the limits of the timo 2J minutes 

tended by 1 x ninc ^d 21 minutes beforo the end of tho clearance period and 
dividing by tlwabscissa, provided the period is one occurring later than 30 minutes 

after mjectwa denvatl0n of tho constants of a lino proceeds os follows - 

T , , v r -n+bl Take two points on tho line 1,( t ,), and /,( 1 y), 

i.UM.-i.O'.I, tJ-lf 
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The Determination, by the Use of Formula (9), of the Error involved in 
the Assumption of Linearity of the Function V r between the 
Times t 1 and t. 

Equation (9) may be solved for P 0 by substituting an experimentally 
determined value for P, l e Pi at time t v and using (1) the values of 
a and 6 calculated from the line Vi=a + bt between the points ^(F/^ 
and f a (F/) s , and (2) the value of C obtamed by the use of formula (8) 
Employing this calculated value for P 0) values for P at varying values 
of t are obtamed The extent to which these derived values of P differ 
from those given by the graph constructed on the basis of experimentally 
determined values is a measure of the error mvolved in the use of 



linear between the time limits selected 


Results II 


In no subject, following the injection of inulin, did the logarithm 
of the experimentally determined plasma concentration of inulin bear 
a hnear relationship to time A smooth curvilinear relationship existed 
(fig 3), co nfirmin g the theoretical conclusion that, under the conditions 
of the experiment, the falling plasma curve is not exponentially related 
to time 

Table II presents all the experimentally determined clearances and 
the average for each subject The average values range from 62 ml to 
137 ml per minute, and therefore cover a wide range 

The results of the calculated plasma clearance of inulin, employing 
formula (8), are shown in Table HI The limits of time, t x and t„, 


between which the volumes F/ = ^| are assumed to be hnear, are 


recorded, as are the values obtamed for Vj, (F/h and (F/) a at those 
times, and the constants of the lines The table mcludes also the 
plasma inulin levels, P x and P 3 , expressed as mg / 100 ml plasma water 
and derived from the experimentally constructed mulm-timo curve at 
t x and t r In addition to the values for G obtamed by the use of 
formula (8), the table presents the results of the conversion of O to 
actual plasma clearance values For subjects 2 to 9 these are derived 
from data obtamed m the same experiments as yielded the values 
given in Table II The four calculated clearance values for subject 
No 1 (J R ) are derived from data obtamed m four experiments earned 
out at approximately weekly intervals The experimental clearance 
for this subject, shown m Table II, was obtamed from a fifth expen- 
ment For convemence m comparison, the experimentally determined 
average values for clearance (Table II, column 3) are shown, m brackets, 
m column 8 of Table HI, after the corresponding calculated values 
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There is excellent correspondence between the average mulin 
clearance values experimentally determined and the values calculated 
for the eight subjects m whom the two values were obtained from data 
accumulated from one experiment The difference ranges from 0 to 
-3 5 ml /minute In subject No 1 (JR ), in whom five clearance 



determinations were performed on five separate occasions, the difference 

ranges from -6 + ^ l^h^se of formula ('») are shown m Table IV 

Results obtained y conC ent r ation, evpr&bed as mg 100 ml plasma 
Values of plasma- -plasma muhn-tiine cun. c «. on-strutted from 

water, ob ^ determined Values, are compared with values obtained 
experimentally ^ ^ho differences, A between the re 

by the use ot tne 
given 


results are 
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Table II — Experimentally Detebmuled Clearance Values 


1 


Subject 


1 JR 


2 

Experimental clearance 
1 at each 
clearance period, 
ml /mm 

144 7 
129 4 


3 

Experimental 
clearance 
Average 
ml /nun 

137 


4 

Average experimental 
clearance corrected to 
1 73 aq m surface area, 
ml /nun 

127 


2 GS 113 0 

94 0 

90 0 99 101 


3 W.H 100 7 

97 2 
92 8 
82 4 
86 3 


92 


101 


4 M R 94 2 

97 3 
86 4 
81 8 


90 


96 


a 

MF 

84 

9 



83 

3 



78 

2 



76 

9 

6 

MM 

77 

8 



79 

6 

7 

HL 

71 

0 



78 

7 



76 

6 



76 

1 



67 

0 



73 

8 

8 

A.A 

76 

3 



74 

6 



61 

4 

9 

JO 

64 

1 



68 

2 



69 

6 



47 

7 



42 

2 


81 

80 

79 

97 

74 

71 

71 

67 

62 

64 
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At times later than f x there is good correspondence between the 
values obtamed from the curve and those obtained by calculation At 
these times, t e later than 26 to 40 mmutes after injection, calculated 
values of P deviate from experimental values by amounts which vary 
from - 1 6 to +2 3 mg /100 ml plasma water 

These deviations are of similar magnitude to the chemical 
error in the analysis of plasma inulin In concentrations of 
30 mg /100 ml plasma, the limits of chemical error were found to be 
+ 1 26 mg /100 ml plasma, (P = 99) and in concentrations of 
60 mg /100 ml plasma, to be +3 79 mg The maximum limits of 
chemical error are represented by the latter value, and their magnitude 
arises from the fact that, at concentrations of 60 mg / 100 ml plasma 
and above, the deviation from the linear relationship between light 
transmittance and concentration becomes greater Samples having 
an ln nlin concentration above 50 mg /100 ml plasma are suitably 
diluted, so that the error is agam reduced 

Deviations of the calculated values of P from experimental results 
are greater when formula (9) is applied at time < = 20 minutes They 
vary from -0 4 to -16 2 mg /100 ml plasma water This results 
from the fact that at this time the curves relatmg V/ to time are far from 
linear, and the error in assuming a linear relationship is therefore 
considerable 

Evidently no significant error is introduced into formula (8) by the 
assumption that, under the conditions stated, the function Vj is linear 
with time 


Discussion 

The work of Shannon and Smith [1936] and of Miller, Alvmg and 
Rubm [1940] appears to establish the existence of a direct proportion- 
ality between the rate of removal of inulin from the body and the 
plasma-muhn concentration between the limits of 6 and 400 mg per 
100 ml The claim that, as a necessary consequence of this relationship, 
the falling plasma-muhn concentration following a smgle injection of 
inulin into the blood-stream is exponentially related to time was made 
by Shannon and Smith [1936] and invoked by Alvmg and Miller [1940], 
Barnett [1940], and Newman, Bordley and Wmtermtz [1944] This 
conclusion cannot be made from data which merely relate the plasma 
concentration of inulin to the rate of mulm loss from the body, for this 
implies that the rate of loss of mulm from the blood represents the rate 
of loss from the body There is no evidence to suggest that this is so, 
nor is it self-evident 

On the assumption that mulm is excreted at a constant rate solely 
by glomerular filtration, an essential condition for the development of a 
ailing plasma-concentration ourve exponentially related to time is 
e diffusion of mulm, after injection, throughout its volume of 
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t = minutes following inulm injection 

Experimental and calculated P =mg mulm/100 ml plasma water 

A mdicates the difference between the experimental and calculated P 

( [f ) mdicates the time on the plasma inulin time ourve where the formula is fitted 
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distribution and tbe maintenance thereafter of a concentration in the 
plasma proportional to tbe mean concentration in tbe extravnscular 
compartment of the volume of distribution Tbe data reported m this 
paper show that, between the limits of inuhn dosage employed (49 7 mg 
to 217 0 mg per kg body-weight), equilibration, in this sense, does 
not occur Therefore the falling plasma-muhn concentration is not 
exponentially related to time, and attempts to derive a value for renal 
clearance solely from the slope of the plasma-time curve when plotted 
semi-loganthmically cannot be successful, because the slope is not a 
simple function of the renal clearance 

The factors which determine the rate of the diffusion of a substance 
throughout the body after its injection into the blood-stream are not 
easily measured They may include the rate of utilisation in the body, 
the rate of excretion, the diffusion constant of the substance employed, 
and the permeability of the capillary endothelium through which the 
diffusion ocours Data which demonstrate the change m the volume 
of distribution with time do not elucidate the relative importance of 
the contributory factors, they demonstrate merely that, between 
defined limits of inuhn dose and time, the ratio of the mean con- 


centration of mulin m the extravascular compartment of its volume of 
distribution to the concentration in plasma water changes at a rate 
which 13 approximately constant The assumption that this rate of 
ohange is in fact constant leads to a method for its determination 
through the evaluation of the slope of the line Vj—a + bt, with an error 
of no greater magnitude than that involved in the chemical determina- 
tion of mulin in the plasma 

The approximation to the measurement of the rate of ohange of tho 
function V j permits the development of a formula for the ronal clearance 
of in uhn from the falling plasma muhn-time curve The correspondence 
between the results obtained by the use of the formula and tho averages 
of the results obtained by direct measurement (collecting unne by 


catheter over short periods of time) has been shown to be excellent 
In the application of the formula it is necessary' to estimate values 
of the function Vj at only two times following the intravenous injection 
of an accurately measured amount of wuhn (conveniently 100 to 120 
m g /kg ) In practice, it is convenient to choose times approximately 
35 and 120 minutes after injection Each value is calculated from a 
knowledge of the total quantity of mulin in the bodj , gamed by sub- 
tracting from the amount injected the total amount which lias beon 
excreted Since a knowledge only of the total amount is required, 
there is no necessity to empty the bladder prior to injection On tho 
contrary it is advised that the subject haxo a full bladder at the time 
of miection so increasing the accuracy of tho first collection of unne 
-15 minutes later The total unne excreted between 3o and 120 minutes 

a lo teqmred lie ien6» °f 1110 c °" ca “'“ “ sreat 
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enough to allow spontaneous passage of urrne without loss of accuracy, 
in at least the vast majority of subjects It is not advisable to deter- 
mine the value for Vj before 30 minutes after injection, the error 
introduced by so domg has been shown to become larger than the 
chemical error of the determination of inulin in the plasma 

In addition, two blood samples taken at the times of urine 
collection are required Alternatively, the plasma-mulm concen- 
trations at the times of urine collection may be derived from a 
curve constructed from irmlin determinations made on several blood 
samples taken at other times and plotted against time The values 
obtained for plasma-mulm concentration should be expressed m 
mg / 100 ml plasma water before mtroduotion into the formula 

The employment of the formula m human subjeots allows the 
derivation of a value for the renal clearance of mulin which represents 
an average for the period over which it is applied Apart from the 
caloulative error, which has been shown to be of no greater magnitude 
than the chemical error of the estimation of mulm m the plasma, the 
accuracy of the formula is dependent upon the magnitude of the 
experimental errors mtroduced in the estimation of its constituents It 
possesses obvious theoretical advantages over all methods which 
mvolve an approximation to the measurement of an instantaneous rate 
of inulin excretion by the collection of urrne by catheter over periods of 
time sufficiently short to avoid wide fluctuations m the rate of exoretion 
of mulm, and sufficiently long to permit the collection of appreciable 
quantities of unne No such approximation is involved m the method 
using formula (8) In addition, the accuracy m the collection of urrne 
excreted over a single period of approximately 85 minutes is much 
greater than that m procedures involving collection over periods of 
15 to 20 minutes The practical disadvantages of oathetensation and 
bladder washouts are obviated 

The simplicity of the method m comparison to those previously 
described is attained without loss of accuracy The greater degree of 
precision in the measurement of the constituents of the formula than is 
possible m the direct estimation of the rate of renal excretion of mulm , 
renders values for clearance obtained by its use less susceptible to 
experimental error 

Addendum 

In view of the relevance of the results we have obtained with the 
use of mulm to attempts to derive a value for the rate of glomerular 
filtration employing mannitol, one experiment was performed on a 
normal subject (case No 1, J R ) in which 29 2 g of mannitol, dissolved 
m approximately 270 ml of sterile distilled water, were given by intra- 
venous injection over a period of 8 minutes Unne was collected at 
intervals following injection, and the amount of mannitol remaining m 
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the body was calculated by subtraction of the amount excreted from 


the total amount administered 


The values of the function 


M, 


, where 


M b equals the total mannitol in the body and P equals the plasma 
concentration of mannitol/ 100 ml of plasma water, were calculated at 
intervals following injection For the purpose of the calculation it is 
assumed that no significant destruction of mannitol occurs in the body 


during the period of the experiment 


The values of the function 


Mj; 

P 


derived at times t = 20, 40, 71, 101 and 131 minutes following injection 
were 13 1, 14 2, 16 6, 16 8 and 17 1 litres respectively It is thus seen 
that mannitol differs from inulin m that it diffuses more rapidly 
throughout its volume of distribution, and that about 80 minutes after 
injection it becomes equilibrated between the plasma and the extra- 
vascular compartment of the volume of distribution The results of 
this experiment are in agreement with the work of Elkmton [1947] 

The studies of Smith, Fmkelstem and Smith [1940] suggest that 
mannitol is excreted from the body solely by glomerular filtration 
Under these circumstances, the falling plasma concentration of manmtol 
is necessarily exponentially related to time 80 minutes after injection 
Formula (4) may then be written 


V,ndP 

P dt 


= -G 


Vif 


where F m =the volume of distribution of manmtol 

P=the concentration of manmtol per 100 ml plasma 
water 

C m — the renal clearance of manmtol from plasma water 
This may be solved for C m 

r m (iogp.-togr ,) x23026 

<2-<l 

The logari thms employed ore to the base 10, and 2 3026 is tho 
modulus of the natural system of logarithms with reference to tho 
common system P b and P 3 represent the plasma concentrations of 
manmtol expressed in mg / 100 ml plasma water, at the times t t and l t 
after injection The application of this formula to tho falling plasma 
ourve between 71 and 131 minutes following injection, where V n equals 
16 8 litres and P t and P s equal 102 0 and 71 0 mg /100 ml plasma water 
respectively, gives a value for plasma clearance/minute of 107 9 ml 
Between 20 and 71 minutes following the rejection of manmtol. tho 

value of the function ~ is not constant If it is assumed that this 

function bears a hnear relationship to time, formal i (8), derived for 



The Determination of the Renal Clearance of Inulin in Man 133 

innlm clearance, may be applied The value of plasma clearance 
obtamed for the period 20 to 71 minutes after injection by this method 
equals 105 0 ml /minute Both values correspond well with the experi- 
mentally determined clearance value, wlnoh m this case averages 
103 4 ml plasma/minute All these values are approximately 30 ml 
lower than the in nlm clearance of the same case This is m general 
agreement with the work of Berger, Farber and Earle [1947] The 
meohamsm of the depression is not, however, evident 

v Summary 

1 The assumption underlying methods for determining the renal 
clearance of inulin from the slope of the falling plasma curve of mulin 
concentration, following a smgle injection, is investigated 

2 The concept that, following the injection of inulin into the 
blood-stream, equilibration occurs between the plasma and the extra- 
vascular component of the volume of distribution is shown to be 
untenable The conclusion that the falling plasma-muhn concentration 
is exponentially related to time is consequently incorrect 

3 The errors introduced in the determination of the renal clearance 
of inuhn from the slope of the falling plasma inuhn-time curve by the 
assumption of equilibration are dismissed 

4 A formula is devised for the determination of the renal clearance 
of inulin incorporating functions which are demanded by the failure of 
the establishment of equilibration 

5 The formula is apphed to the determination of the renal clearance 
of inuhn in mne subjeots possessing widely different clearance values 
These calculated values are shown to agree closely with average values 
experimentally determined 

6 The calculative error introduced into the formula by the sim- 
plifying assumption that the volume of distribution of mulin is linearly 
related to time between defined limits of inuhn dose and time, has been 
shown to be of no greater magnitude than the chemioal error in the 
determination of inuhn in the plasma 

7 The formula can be apphed without the need for aocurate 
collection of urine over short clearance periods It necessitates merely 
the passage of urine approximately 35 and 120 minutes after the 
injection of a known amount of mulin, and two blood samples taken 
at the time of the passage of urme 

8 The simplicity of the method m comparison to those previously 
described is attained without loss of accuracy The greater degree of 
precision m the measurement of the constituents of the formula than is 
possible m the direct estimation of the rate of renal ^excretion of m nlm 
renders values for clearance obtamed by its use less susceptible to 
experimental error 
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9 The relevance of the results obtained with lnnhn to the determina- 
tion of the rate of glomerular filtration employing mannitol are discussed 
briefly 
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OBSERVATIONS ON DYE EXCRETION THROUGH SYNOVIAL 
MEMBRANE AETER LUMBOSACRAL SYMPATHECTOMY 
AND CIRCULATORY OBSTRUCTION By Kwok - Kew 
Cheng 1 From the Department of Morbid Anatomy, University 
College Hospital Medical School, London 

(Received for publication, 1 Qth March 1949 ) 

In 1940-41 Engel described experiments with dogs, cats and rabbits 
from which he claimed that depriving the knee-joint of its sympathetic 
nerve-supply by unilateral lumbosacral sympatheotomy lessened the 
outflow of a dye from the blood-vessels of the synovial membrane of 
that jomt The phenomenon occurred despite marked looal vaso- 
dilatation as determined by thermo-electric measurements in the lower 
quadriceps muscles, and Engel explained this paradox by postulating 
a permeability factor under the influence of the sympathetic nervous 
system He suggested that sympathetic activity increases and sym- 
pathectomy decreases capillary permeability, and he concluded that 
such a factor might compensate for vasomotor changes 

Later [1943-44] he stated that regional sympatheotomy reduced or 
prevented the looal increase m capillary permeability in traumatic 
shook, and he advocated blockage of the regional sympathetic cham 
with novocain as a therapeutic measure m that condition 

Smce data about the control of capillary permeability are of funda- 
mental importance for pathology, it seemed worth while to repeat the 
experiments The opportunity was taken of applying the basic 
techmque to the problem of isoheemia 

Methods 

Twenty-one adult rabbits, weighing from 1 9 to 3 7 kg , were used 
Nembutal supplemented by ether was used for anaesthesia 

Injection of Dye — Folio wmg Engel, 10 o c of 1 per cent aqueous 
solution of acid fuchsm were injected mto the marginal vein of the 
ear This was repeated whenever the dye concentration of the perfusates 
became too ddute Usually two such administrations were required 
m each experiment 

Perfusion Apparatus — Two identical 10 o c Luer syringes were 
mounted firmly on eaoh side of a 20 c c syringe (fig 1) A cross-bar 
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was attached to the piston of the central syringe so that, when it 
descends, it pushes forward simultaneously the pistons of the two 
laterally placed syringes The central syringe was filled with water 
through a rubber tubing attached to its nozzle, and the tubing was 
clamped with a screw clip Lead bars were placed as weights on the 
cross-bar By regulating the outflow from the central syringe with the 
screw clip, the descending cross-bar can be made to push forward the 
pistons of the tw o laterally placed syringes so as to empty them at an 



pj Q i perfusion apparatus 1, 2, two 10 c c syringes for perfusion 3 20 c c 

svnuffe 4, cross bar attached to the central 20 c c syringe 5 screw clip 

reirulatmc water outflow from the central syringe 0 7 perfusion needles connected 
bv rubber tubing to tho two perfusion syringes 8 0 sido tubes for filling the 
7 perfusion syringes 10, lead bars as w eights on the cross bar 


identical steady rate Each of the two 10 c c sjrmges was connected 
by rubber tubing to a needle 40 mm long and with 0 8 mm bore 
Before use these syringes were filled with Ringer s solution 

Perfusion Technique —The needle connected to the tubing from 
the syringe containing Ringer’s solution was inserted into each hneo- 
mmt medial to the patella Some practice was needed to acquire 
J ci , „ + >,p nrocedure The clips were released, and after the 

confidence m the P»CMUT j\, „ c of fin.d . erode, needle, 

IT 'ffL head out oft nee meerted into the joint Intend to tho 
|, rvirfflow of the perfusion fluid Tho perfusates wore 
patelle to , allow <»'«« ° ™ , 5 lo J0 m , f„, » period of 

collected fiom eec ^ „f act „ c ac ,J t0 , (s cnereto 

2 hours or more Alter aaain 0 i 
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the dye, which becomes colourless in an alkaline medium, the dye 
concentrations of the perfusates from the normal and sympathectomised 
knee-joints were determined colonmetncally 

The position of the needles was checked after each experiment 
The knees were shaved several days before the perfusion The two 
extremities were strapped down m identical positions during perfusion 
Great oare in inserting the needles was necessary in order to avoid 
bleeding The perfusion fluid was not warmed to body temperature 
Measurement of Quadriceps Temperature — Two copper -constantan 
thermocouples were used for temperature estimations The ends of 
each couple were hard soldered, inserted into a serum needle, and the 
junction was filed flat with the needle point The control constant 
temperature junction of similar material was placed in a Dewar flask 
conta inin g water at room temperature Connections were made to a 
galvanometer through a switch and resistance box according to the 
method described by Lewis [1929-31] Before each experiment the 
apparatus was calibrated to read the junction temperature changes 
directly from the scale The scale could be read to a temperature 
change of 0 1 degree centigrade The thermocouples were carefully 
compared before and after each experiment 

A thermocouple was inserted into each quadriceps musole close to 
the patella The temperature variations were recorded before and 
after the experiment and every 5 to 15 minutes throughout the experi- 
ment The quadriceps temperature was assumed by Engel to represent 
that of the adjacent synovial membrane and to be proportionate to its 
blood-supply, other things bemg equal 

Lumbosacral Sympathectomy — With aseptic technique and under 
ether anaesthesia the anterior abdomen was opened through a median 
incision 10 cm long Peritoneum covering the psoas muscle was 
incised and reflected medially The inferior vena cava was retracted 
medially and the lumbosacral sympathetic cham was defined After 
severing its rami communicantes the nerve was removed whole The 
dissected nerves measured 6 to 14 cm and contained five to eight 
ganglia The abdomen was finally closed m two layers with thread 
The control animals underwent sham operations 
After intervals of 2 to 26 days the knee-joints were perfused as 
described above 

Vascular Obstruction — After injeotion of dye the knee-joints were 
perfused, adjustment being made so as to give close conformity of the 
thermocouple reading and dye excretions between the two sides A 
rubber tourniquet was then applied around a thigh and gradually 
tightened until variation m dye excretion was observed In two rabbits 
the common and external lliao artery were ligated respectively and the 
quadriceps and calf musole temperatures were recorded 
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Results 

Effect of Lumbosacral Sympathectomy on Dye Excretion 

Ten rabbits were perfused 2 to 26 days after lumbosacral sym- 
pathectomy and five rabbits after sham operation The results are 
summarised m Table 1, A The muscle temperature on the sympatheeto- 
mised side in seven animals showed no significant fluctuation from the 

Table L — Comparison of Dye Excretion and Quadriceps Temperature 
A After Unilateral Lumbosacral Sympathectomy and Sham Operation 
B After Vascular Obstruction by Tourniquet 




Muscle 

Ratio of dj o 



temperature 

excretion 

Babbit 

No 

Days after 
operation 

of affected 
side compared 
with normal 

between 
affected and 
normal side 



side (average of 

(average of 



4 to 6 readings) 

4 to 6 readings) 


A 

Sympaih eclonused 



1 

2 

+ 0 4° C 

37 

1 

2 

2 

+ 2 5 

35 

1 

3 

3 

+ 2 7 

19 

1 

4 

2 

+ 30 

1 7 

1 

5 

2 

+ 0 9 

1 1 

1 

0 

20 

+ 06 

1 2 

1 

7 

22 

-06 

09 

1 

8 

2 

+ 0 9 

1 0 

1 

9 

9 

+ 04 

12 

1 

10 

26 

+ 0-9 

10 

1 



Control 



1 

2 

0° C 

09 

1 

o 

e> 

+ 02 

1 2 

1 

3 

5 

+ 06 

1 0 

1 

4 

20 

-03 

09 

1 


B 

Vascular Obstruction 





(Axerago of 

(Avorago of 



readings ) 

readings ) 

1 


-0 4° C 

03 

1 

2 


+ 0 i 

0 6 

1 

a 


-02 

07 

1 

u 

.1 


-03 

02 

1 

*± 

f» 


-02 

04 

1 


control values In three it was raised The dye excretion on the 
svmuathectomised side in six cases was within the range of variation 
encountered m controls It was, how ex er increased in four others, 
f? nF whtch were associated with increased muscle temperaturo In 
He have I been able to substantiate Engels observation of 
- tto pie “" to of *™ u mubCb t ° mvcru ' 
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ture on the sympathectomised side Fig 2, A and B, depict the result 
in a representative experimental and control animal respectively 

time m Mm 



Fia 2 — A. Relation of dyo excretion and muscle temperature in rabbit 2 days 
after unilateral sympathectomy The dye excretion was expressed 
m terms of direct colorimetric reading of the perfusate dye 
concentration. 

B Same m a control rabbit 2 days after sham operation Note 
similarity of the close association of dye excretion and muscle 
temperature between normal and operated sides in both 
sympathectomised and control a n i m a ls 

Effect of Vascular Obstruction on Dye Excretion 

Table 1, B, summarises the effect of tourniquet application on the 
quadriceps temperature and the dye excretion from the knee-joint 
Fig 3 illustrates a typical example The muscle temperature of the 


TIME IN MIN 



Fio 3 —Relation of dyo excretion and muscle temperature between normal and 
urruquet-compressed limb Note marked fall m dye excretion on obstructed 
aiae whereas muscle temperature of the two Bides did not ahow significant change 

compressed side -was little altered In contrast its perfusate dye con- 
centration was reduced to a significantly low level It was noted, how- 
ever, that the dye excretion was only modified after very high pressure 
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Unfortunately I could not record this pressure On releasing the 
tourniquet after two hours’ application a shght nse of muscle tempera- 
ture above that of the normal side was observed The dye concentration 
of the perfusates quickly returned to normal Despite the increased 
quadriceps temperature there was not, up to forty-five min utes after 
removing the tourniquet, any significant increase in dye excretion on 
the affected side 

In the rabbits in which the common or external lhao artery was 
ligated no significant variation was noted m the temperature of the 
quadriceps or the calf muscle even after twenty-five minutes’ obstruc- 
tion, despite the fact that a profound vascular disturbance must ha\e 
taken place with such a procedure 


Discussion 


The status of the nervous control of capillary permeability is not 
clear [see Gellhom’s review, 1929] Thus Brack [1909] reported the 
production of unilateral oedema of the tongue by stimulating the 
glossopharyngeal nerve Increased renal excretion of sodium chlonde 
was observed after piqfire [Jungmann and Meyer, 1913] and sympathetic 
stimulation [Asher and Jost, 1914] Unilateral cervical sympathetic 
ganglionectomy delayed the appearance of injected fluorescin m the 
anterior chamber of the eye [Kajikawa, 1922, Yamamoto, 1929] but 
hastened that of acid fuchsrn and water blue [Karczag and Zilahy, 
1925] Kajikawa also showed that the protein content of the aqueous 
humour was diminished and the conjunctivitis induced by mustard oil 
was less intense on the operated side However, Wesseley [1908] stated 
that after cervical sympathectomy both ocular pressure and protein 
content increased and more fluorescin appeared m the affected eye 
According to Asher et al [1924] the chloride content of the sain a was 
lower on the sympathectomised side Mere [192G] stated that the 
chlonde content of the lachrymal secretion was decreased bv sym- 
pathectomy Hoffheinz [1931] observed after section of sciatic and 
femoral nerves that reabsorption from the knee-joint was considerably 


delayed 

Magnus-Alsleben and Hoffmann [1922] found that methvleno blue 
stained paralysed muscle blue while normal muscles remained colourless 
Yamamoto [1924] noted that indigocarnnne injected into sj mpatliLcto 
mised muscle appeared quicker in the urine than when injected into 
the normal muscle An intracutaneous w heal also disappeared qua ker 
,, mnathectomised side He assumed that different anatomical 
STJnMMl capillary 1^1 <'»—> 

Setter penetration of injected neutral red, .nethj leno blue and cj anol 
g n , f t J s .mpatheotomised sain ary gland than the normal organ 
S«a, on the olher hand, appeared later on that a, do than on the normal 
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side Gabbe [1926] found that colloidal dye appeared m the paralysed 
muscle in minute amounts only, whereas sugar, sodium chloride and 
urea injected intravasoularly penetrated more quickly into the paralysed 
than normal muscles However, these results were obtained only in 
frogs and not m mammals 

Linksz [1931] investigated the sympathetic and parasympathetic 
influence on the passage of fluorescm mto the anterior chamber of the 
eye He ascribed the variation in results obtamed at different stages 
to the alteration of the sympathetic-parasympathetic equilibrium, and 
thought that sympathectomy increases the capillary permeability 
Weiser and Rionmuller [1933] noted that vagotomy favoured intense 
sta inin g of lung, muscle, etc when trypan blue was mjeoted into the 
larynx of frogs but sympathectomy gave negative results 

Most of the foregoing investigations suffer conspicuously from the 
failure of the investigators to take into account physical forces 
emphasised by Landis [1934] as playing an important part in the 
movement of fluid through the capillary wall Of special importance is 
the concentration of the substance m the fluid, the hydrostatic pressure 
and membrane area Evidently such factors will be pronouncedly 
affected by the rate of blood-flow Engel measured the blood-flow by 
recording the quadriceps temperature, the assumption being that the 
temperature of a tissue is m direct proportion to its blood-flow As 
already mentioned, Engel finally postulates from his experimental 
evidence the presence of a permeability factor under the influence of 
the sympathetic nervous system 

My investigations certainly do not confirm the claim of Engel The 
discrepancy m the results is most likely due to teohmcal errors I have 
found that slight displacement of the thermocouple needle produces 
a noticeable temperature difference between the two sides The relative 
position of the two perfusion needles m the joint cavity was also observed 
to affect profoundly the dye concentration of the perfusates Thus a 
fortuitous dislocation of the thermocouple or the perfusion needle gave 
considerable errors In my experiments much care was taken to 
obviate these faults It may be mentioned that a close scrutiny of 
Engel’s result reveals many inconsistencies 

Another pomt for criticism is Engel’s assumption that the quadriceps 
temperature measures the state of blood-flow, other things being equal 
Tissue temperature is an expression of the energy liberated by the 
tissue metabolism The complicated process of tissue metabolism is, 
however, most unlikely to remain unaltered when the circulation is 
disturbed Moreover, little divergence was observed m the muscle 
temperature when a tight tourniquet was applied to the limb Even 
when the iliac artery was ligated to produce profound circulatory 
disturbance, the muscle temperature did not sigmfioantly change 
for twenty-five minutes Thus the relation between the muscle 
VOL. XXXV, no 2 —1949 10 
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temperature and the blood-flow, if it exists, appeared under the 
existing experimental condition to be not a close one 

In vascular obstruction the quadriceps temperature remained little 
altered m contrast to the significant reduction of the dye excretion in 
the joints For the moment it is not possible to solve this problem 
with certainty without further work It may be recalled that Landis 
[1928] reported that oxygen lack, if mild, had little effect, but prolonged 
and sustained anoxia increases the permeability of the capillary of 
frog’s mesentery to fluid and to protein In rabbit’s ear Pochiu 
[1939-42] noted that when its circulation was arrested and then 
released, a demonstrable oedema developed after 2 hours’ occlusion and 
a massive oedema after 18 hours’ occlusion The oedema occurred as 
soon as the circulation was released Calvm [1941] found that the 
plasma T 1824 and protein concentrations were significantly reduced 
only in terminal stages of fatal anoxia Henry et al [1947] stated that 
there was no reason to anticipate changes m the capillary permeability 
in mdd anoxia However, in asphyxia, severe local ischcemia or other 
conditions m which the venous oxygen saturation may fall below a 
critical low level of 15 to 25 per cent , a significant increase in the 
permeability to protein occurred Since anoxia affects the capillary 
permeability only significanth at a aery low oxygen tension, a com- 
bination of factors such as ischcemia, anoxia, amenua, etc is usually 


required if a sufficiently low level is to be reached 2Iann et al [1938] 
studied the degree of vascular constriction necessary to affect tho 
blood-flow through a vessel The luminal area must be diminished 
90 per cent before 50 per cent reduction m blood-flow takes place 
Accordingly, it is doubtful if the extent of vascular obstruction cuused 
by tourniquet application in the present experiment is adequate enough 
to produce anoxia of sufficient seventy to affect the capillary per- 
meability Landis [1934] emphasised the capillarv blood pressure as 
an important factor m determining the fluid movement through the 
capillary wall, and also showed that it is markedly raised in increased 
biood-flow occasioned by vasodilatation and nctivo hvpencmm Henco 
the decreased dye concentration after tourniquet application could bo 
interpreted simply on the basis of lowered capillnri filtration pressure 
consequent to diminished blood-flow The question w hethcr there is a 
coincidental increase m capillary permeability due to anoxia, but which 
masked by the foregoing factor, is one which the present experiments 
cannot deoide This view is further supported by the observation that 
the dve excretion after releasing the tourniquet increased but sbghtly 
without significantly exceeding tho control value 


SUMJIABX 


1 The claim made by Engel [1941] that lumbosacral s> mpathcctomy 
i a reduction in djo excretion into the knee-joint despite increased 
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muscle temperature and presumably increased blood-flow is not 
confirmed 

2 Technical factors responsible for discrepant results are discussed 
Engel’s assumption that muscle temperature measures local circulation, 
other things being equal, is criticised 

3 Only severe vascular obstruction m the limb influences dye 
excretion in the knee-joint, probably beoause of decreased oapillaiy 
pressure 
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ON HISTIDINURIA By R Kateller-Adler, Research Fellow 
of the University of Edinburgh From the Department of 
Pharmaoology, University of Edinburgh 

{Received for publication t 1 5th March 1949 ) 

L-Histxdote normally occurs in the unne of pregnant women 
Histidinuna can be demonstrated at a very early stage of pregnancy 
and persists throughout gestation [Voge, 1929, Kapeller-Adler, 1933, 
1934,1936, 19416, 1943] There is no histidine excretion m the urine 
of pregnant animals [Kapeller-Adler and Herrmann, 1934] Results 
obtained in various investigations have revealed the existence of a 
relationship between the excretion of histidine and that of gonado- 
trophic hormones m human pregnancy, and have led to the theory 
that the increase of gonadotrophins m pregnancy may interfere with 
the normal enzymic breakdown of histidine by histidase [Kapeller-Adler 
and co-workers, 1936, 1936, 1937] Page [1946] has put forward 
another explanation of pregnancy histidinuna, suggesting that this 
condition might be due to a decrease m the reabsorption of histidine 
in the renal tubules This hypothesis is based on a study of the fate 
of L-histidme given intravenously or orally to pregnant and non- 
pregnant women 

The experiments now to be described were designed to test the 
validity of Page’s hypothesis on a larger number of subjects The 
effects of injected and ingested L-histidine on the blood and urinary 
histidine levels were simultaneously followed in 62 different women, 
of whom some were normally pregnant, some toxaemic and some not 
pregnant The results do not support Page’s theory, but confirm 
previous findings regarding a reduoed enzymic breakdown of histidine 
in pregnancy 

Methods 

Colorimetric Estimation of Histidine m Blood — No chemical method 
specific for histidine is sensitive enough for the determination of this 
ammo acid m the blood In recent years Barac [1937] and Schwarz 
and co-workers [1938, 1939] have advocated the use of Pauly’s diazo 
reaction for the determination of histidine m blood filtrates In the 
present work a colonmetno estimation of histidine based on Pauly’s 
diazo reaction and proposed by Macpherson [1946] was used with 
minor modifications 
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Procedure Dilute 5 ml of citrated blood with 10 ml of distilled 
H 2 0 and add 10 ml 4 4 per cent (v/v) perchloric acid Shake well 
and centrifuge To 5 ml of the clear supernatant add 1 ml 1 per cent 
sulphamhc acid m N HC1 and 1 ml 5 per cent (w/v) NaNO, Mix and 
stand o minutes, shaking the test-tube from time to time Blow m 
from a rapid delivery pipette 3 ml 20 per cent (w/v) Na,C0 3 (cryst ) 
and shake vigorously Add 5 ml 20 per cent (v/v) ethanol and 
mix well Read in the photoelectno colorimeter, using a green 
filter 

Colorimetric Estimation of Histidine m the Urine — The previously 
described method [Kapeller-Adler, 19416] is shghtly modified A largo 
excess of the bromine reagent is added to the urine and after 10 minutes 
removed by phenol The tiresome testing with potassium iodide 
starch paper for an excess of bromme is thus eliminated, and the test 
becomes more accurate m inexperienced hands 

Procedure Dilute 5 ml of unne with 3 ml of distilled H.O and 
add 2 ml of bromine reagent (5 nil of bromine and 500 ml of glacial 
acetic acid are diluted with 1000 ml of distilled H»0 and the solution 
stored in a brown bottle) Shake well and stand for 10 minutes Add 
0 2 ml of 10 per cent (v/v) phenol solution, shake well, and add 0 5 ml 
of a mixture of ammonia and ammonium carbonate (Mix 400 ml 
ammonia solution, sp gr 0 880, with 200 ml 10 per cent (u/v) 
(NHjJjCOa ) Mix and place the tube mto a beaker of boiling w ater for 
one minute After cooling read m the photoelectric colorimeter, using 
a blue filter 

Intravenous Injection — In all cases the histidine content of the 
blood and of the night urme of the fasting patient was determined 
24 hours before, immediately before, and 24 hours after the experiment 


Twenty ml of stenle 10 per cent (w/v) L-histidine hydrochloride 
solution in saline, equivalent to 1 48 g free histidine, was rapidlj 
mjeoted intravenously , the patient was given ono glass of lemonade 
every hour during the experiment Blood specimens were withdrawn 
at Temilar intervals (5,15, 30, GO, 90 and 120 minutes after the injection), 
and histidine estimations carried out on the citrated whole blood 
Specimens of urme were carefully collected by means of an indwelling 
catheter after 30, GO, 90, 120 and 150 minutes Voiumo and specific 
gravity were recorded and the histidine outputs determined 
b Oral Administration — Histidine was again estimated m the blood 
and in the night urme 24 hours before and 24 hours after the experiment 
as described above Four g of L-lustidmo hydrochloride, corresponding 
to 3 a of L-histidme, were given to the fasting women, and the patients 
were a 2 am advised to dnnk one glass of lemonade even, hour during 
the evDenment Blood specimens were taken after I, 2, 3 and 4 hours, 
Ind voided specimens of urine careful!} collected at mtcrials of f, 8, 12 
and 10 hours after histidine ingestion 
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Results 

The results of all the experiments are presented m figs 1 to 8 
Figs 1 to 4 represent results obtained after the intravenous administra- 
tion, and figs 5 to 8 those found after ingestion of L-lnstidine hydrochloride 
In each figure the blood histidine levels and the rate of histidine excretion 
(ordinate) are individually plotted against time (abscissa) On each 
curve is a number which identifies the patient, and also (m braokets) 
the number of weeks of gestation of the pregnant women 

Intravenous Injection — L-histidine intravenously injected to non- 
pregnant persons rapidly disappears from the blood-stream after an 
initial steep rise within the first 5 minutes after the injeotion (fig 1) 
No histidine was found m the urine except for small traces in a few of 
the specimens Page [194b] obtained similar results when investigating 
9 non-pregnant women As long ago as 1908 Engeland found that 
after subcutaneous injections of histidine to dogs only minute amounts 
were excreted in the urine This finding was confirmed by Abderhalden 
and co-workers [1910], Kotake and Korns hi [1922], and by Kijokawa 
[1933] Gumea-pigs after subcutaneous injections of L-histidine 
hydrochloride did not excrete histidine, or only a small proportion of it 
[Kapeller-Adler and Kohut, 1934, Edlbaoher and Heitz, 1942] 

When m this work histidine was injected into 8 normal pregnant 
women (fig 2) a completely different pioture was obtamed As m 
non-pregnant persons, there Avas a steep rise in the blood histidine level 
ivithin the first 5 minutes after the injection But m contrast to the 
non-pregnant, all the pregnant women showed a very slow fall of the 
blood histidine within the first 2 hours after injection, although 24 hours 
after the injection it was found to have reached its initial value 
Although the method used is not specific for histidine, it should be 
noted that the initial blood histidine values of pregnant persons were 
higher than those of non-pregnant ones The blood histidine findings 
in this group of experiments are m contrast with the results of Page, 
who claims that mjected histidine disappears at least as rapidly from 
the blood-stream of pregnant as from that of non-pregnant women 
All the pregnant women in this investigation showed a distinct 
histidmuna before the experiment There was m all cases an increase 
persisting for a few hours, in some a very considerable one, in the rate 
of histidine excretion after histidine injection The rate of histidine 
excretion had, however, returned to its initial value 24 hours after the 
injections The stage of pregnancy appeared to be irrelevant, similar 
results having been obtamed between the 20th and 39th week of 
gestation It should be recorded here that pregnant guinea-pigs do 
not, on injection of histidine, excrete this a mm o acid m the urine 
[Kapeller-Adler and Kohut, 1934, Eldbacher and Heitz, 1942] 

Women suSenng from nuld pre-eclamptio toxaemia were subjected 
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to the same treatment Fig 3 is representative of the results obtained 
Four out of 7 of the .eases investigated showed a higher initial blood 
histidine level (2 5—3 8 mg per cent ) than cases of normal pregnancy 
(about 2 mg per cent ) As m normal pregnanoy there was, on histidine 
injection, a very slow decline of the blood histidine, highly elevated 
within the first 5 minutes after the injection The initial value, in some 
cases rather high, was attained 24 hours after the injection 

As to the histidine excretion, only 2 cases (Nos 21, 28) gave results 
comparable with those obtained m normal pregnancy In the remaining 
cases the slight initial histidinuna was followed by a small increase in 
the rate of excretion after the injection In 3 cases (Nos 24, 2G, 27) 
the urinary histidine had already returned to the initial small valuo 
150 minutes after the injection As can be seen from the corresponding 
blood histidine curve, the same 3 patients showed the highest blood 
histidine concentrations before and after the experiment The results 
obtained in this group of women seem to indicate that in some cases 
of mdd pre-eclamptic toxsemia there is a tendency for the retention of 
histidine in the body This tendency appears to be even greater in 
women suffering from severe pre-eclamptic toxaemia (fig 4) All 
patients of this group showed a rather high initial blood histidine 
value (3-4 8 mg per cent ) Histidine injection was followed by a steep 
rise of the blood histidine within the first 5 minutes, and after a slow 
decrease the normal high blood histidine level was reached 24 hours 
after the experiment The results found in the urine were striking 
In none of these cases was there more than a trace of histidmuna before, 


during, or after the experiment 

These results clearly indicate that histidine both of endogenous aud 
exogenous origin is not excreted, but seems to be returned in the bodies 
of women with severe pre-eclamptic toxaemia This observation 
confirms previous findings [Kapeller-Adler, 19415, 1943], as a result of 
which it was concluded that a marked diminution, or total absence, 
of histidine excretion in pregnancy was a sign of toxaemia 

Oral Administration — On oral administration of 4 g of L-histuhno 


hydrochloride the blood lnstidme of non-pregnant persons rose to a peak 
within the first hour and fell rapidly within 3 to 4 hours after administra- 
tion (fig 5) In only 2 out of the 10 cases studied a very small amount 

of histidine was found in the unne 

Cases of normal pregnancy showed a smaller rise of the blood 
histidine within the first hour, followed by a comparatively slow fall 
ffi G) At 4 hours after the oral dose of histidine the blood histidino 
8 s still lush There was a considerable, in some cases even a very 
Tteen rise in the rate of histidine excretion within the first 8 hours after 
the beginning of the experiment, irrespective again of the month of 


^Twenty-four hours after histidine ingestion the blood and urinary 
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histidine values returned to the normal Similar results in pregnant 
and non-pregnant persons are quoted by Page [1946] after oral adminis- 
tration of histidine A marked increase mkistidmuna on oral application 
of L-histidine hydrochloride to pregnant women was previously reported 
[Kapeller -Adler and Schiller, 1936, Neuweiler and Grimm, 1940] 

On ingestion of histidine, the elevated blood histidine levels persisted 
in most of the women with mild toxaemic pregnanoy longer than m 
normal pregnancy (fig 7) On the other hand, the urmary histidine 
output appeared to be in most of the cases smaller than under equal 
treatment in normal pregnancy In all but 2 cases the rather low 
initial urmary histidine value was again attained after 24 hours 

Finally, on oral administration of histidine to women suffering from 
severe pre-eclamptic toxaemia (fig 8), the blood histidine content, 
highly increased m the first houi of the experiment, remained high 
during the first 4 hours after the ingestion, and in one case was still 
rather high even 24 hours after the experiment (No 19) In the urine 
of the same patient a very small amount of histidine was recovered 
8 hours after the expei invent had begun In all the other specimens of 
unne of this patient, as well as in all the urine specimens of the other 
two women, only a trace of histidine was found 

Discussion 

Page’s observation that on intravenous injection histidine disappears 
from the blood-stream of pregnant women at least as rapidly as from 
that of non-pregnant women has not been confirmed m this work On 
intravenous as well as on oral application histidine leaves the blood- 
stream of pregnant women very slowly, large amounts of histidine 
being excreted in the unne at the same time In non-pregnant women 
the injected as well as ingested histidine disappears rapidly from the 
blood and hardly any trace of it is found in the urine Such results, 
along with those obtamed in this work in cases of toxseimc pregnancy, 
are incompatible with Page’s view that a lowered renal threshold is 
the only abnormality of histidine metabolism in pregnancy They 
support the previously made suggestion [Kapeller- Adler and Haas, 
1936, Kapeller-Adler and Herrmann, 1936, Kapeller -Adler and Boxer, 
1937] that the activity of histidasa is inhibited m human pregnanoy 
Changes m the histidine metabolism occurring in pregnancy toxaemia 
as compared with normal pregnancy are best shown m the moderate 
and severe oases (figs 4 and 8), m which practically no histidine appeared 
m the unne m spite of the presence of high concentrations in the blood 
This must have been due to renal failure The milder toxaennc cases 
(figs 3 and 7) mostly gave results intermediate between those obtained 
m moderate and severe cases and the normally pregnant women This 
retention of histidine in the body of women suffering from toxsemie 
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pregnancy gains importance with regard to the potential conversion 
of this neutral amino acid to its potent derivative, histamine [Kapeiler- 
Adler, 1941a, 1941c, 1943] 

Finally, Page has observed that in contrast with L-histidmo, 
D-histidme on injection is largely excreted m the unne of both pregnant 
and non-pregnant women alike, high blood curves having been obtained 
in both groups This is presumably due to the fact that, as Edlbacker 
[1926] has demonstrated, lnstidase metabolizes only L-histidine, leaving 
D-histidine intact 


StTMJIABY 

1 L-histidine was given intravenously and orally to pregnant 
and non-pregnant women, and was estimated m the blood by a modified 
diazo reaction and by its reaction with bromine in the unne 

2 On intravenous as well as on oral application, L-histidine dis- 
appeared only very slowly from the blood-stream of pregnant women as 
compared with non-pregnant women, large amounts of it being simulta- 
neously excreted m the urine This observation does not confirm the 
results of Page, who found that on intravenous injection L-histidine 
leaves the blood-stream of pregnant women at least as quickly as that 
of non-pregnant persons It seems, moreover, to support the previously 
suggested theory of a reduced activity of histidase in human pregnancy 

3 In severe toxaemia of pregnancy no histidine could he detected 
m the urine even after the injection or ingestion of histidine although 
the blood levels remained high This indicates a retention of L-histidme 
by the kidney 

4 The results obtained in mild pregnancy toxaemia were inter- 
mediate between those found in se\ ere toxcenua and in normal pregnane} 
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THE PROTEIN-SPARING EFFECT OF CARBOHYDRATE IN 
NORMAL AND BURNED RATS By G H Lathe 1 and 
R A Peters From the Department of Biochemistry, Oxford 
With Statistical Note by R B Fisher 

(Bccened for publication 17 th March 1019 ) 

It was shown by Cuthbertson, McGirr and Robertson [1930] that the 
excess nitrogen excretion during 9 days following the fracture of a 
femur could be reduced by providing the animals with additional food 
in the form of sucrose It appeared that the local loss of nitrogen at 
the site of injury still persisted, though to a reduced extent, while the 
general loss was mitigated These studies were not pursued further 
because, as they mentioned, the failing appetite of the injured animals 
limited the suorose supplement consumed 

Since one of us [Lathe, 1949] has devised a technique of tube- 
feeding rats, in order to circumvent the difficulties of failing appetite 
after injury, it seemed of interest to extend the observations of Cuthbert- 
son el al into the field of burns 

Previously we have been using for tube-feeding purposes a 25 per 
cent fat diet, which has the advantage of small volume However, 
the addition of a sucrose supplement would change the character of the 
diet m two ways it would increase the caloric mtake, and it would 
change the carbohydrate-fat ratio Since the latter is known to 
influence the nitrogen excretion, we have developed a non-fat diet to 

„ f erve as a basal diet to which additional sucrose might be added 
1 

* Methods 

The methods and the general plan of the experiments were the same 
as previously described [Lathe and Peters, 1949] The 25 per cent fat 
diet was that previously used The non-fat diet was prepared by the 
same procedure save that the arachis od (42 2 ml ) was replaced by an 
isocalonc amount of sucrose (91 8 g ), water being added to maintain 
the previous volume The method of tube feeding and of burning the 
rats was unaltered The animals used were albino male rats of the same 
stock All the experiments were conducted m a constant temperature 

1 Imperial Chemical Industries Research Fellow, Oxford University Present 
address The Bernhard Baron Memorial Research Laboratories, Queen Charlotte’s 
Maternity Hospital, London, W 6 
VOL XXXV, NO 2 —1019 
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room at 22° C As previously, nitrogen excretion refers to urinary 
urea and ammonia nitrogen only Piecal nitrogen was assumed to be 
constant, as shown by Croft and Peters [1945] 


Results 

Basal Nitrogen Excretion on 25 per cent Fat and Non-fat Diets 

In order to make a comparison possible with our previous experi- 
ments on tube-fed rats, it was neeesary to ascertain whether the basal 
nitrogen excretion was different on a 25 per cent fat diet from that on 
the non-fat diet 

In Experiment 1,15 rats were maintained on a 25 per cent fat diet for 
5 days They received 17 ml per day, or 16 S cal /100 g of body-weight 
Nitrogen excretion was measured during this period Sexen annuals 
were then given the non-fat diet during a 5-day period, while the 
remainder continued on the 25 per cent fat diet The nitrogen 
excretion and weight changes are summarized m Table I (full data 
being given m Appendices 1 and 2) The substitution of carbohydrate 
thus results in reduced nitrogen excretion 


Table I — Experiment 1 Effect upon the Nitrogen- Excretion xn Rats of 
Substituting a Non fat Diet for Diet Containing 25 per cent Fit 



Number 

of 

animals 

Five day means of urea and ammonia 
nitrogen excretion (mg ) 

Weight 


Pre 

liminarj 

period 

Days 

1-5 

Expen 

montal 

period 

Days 

<3-10 

Difference 

change 

Days 

<3-11 

(e) 

Group 1 

Control 

} 3 

202 

18S 

- 14±9 5 * 

+ 4 

Group 2 | 

Diet changed to I 
carbohydrate j 

on day 0 J 

- 7 

205 

173 

- 32 ±5 13 * 

+ 2 


* Standard error of the difference calculated from individual figures 
fUrpliminarv period on 25 per cent fat diot oxporunental period 25 per cent 
' J f a t diet for Group I, non fot diet for Group 2 ) 


Effect of Sucrose Supplement betueen 2Ieals 

The effect of burning and of a sucrose supplement was examined in 

Evocnment 2 The annuals from Experiment 1 acre -> 

<rroutis was divided into two groups A 


the previous groups 


used Each of 
All animuls wore 
supplement of either water or 


~ j pnch was cixen a supplement oi eiuier water oi 
“ctos ^Tto »°‘ '" th th ° « » “■» 
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and 5 p m , but at 11 pm and 4am Thus the annuals received 
two basal meals of either 25 per cent fat or non-fat composition, 
followed by two supplements of either water or sucrose solution The 
sucrose supplements consisted of 4 ml of 30 per cent sucrose on the 
day after b urnin g, followed by 60 per cent sucrose until the sixth day 
after burning, when the experiment was concluded This represents a 
62 per cent increase m calories above the basal diet, which provided 
16 8 calories per 100 g for a 282 g rat 

It would have been desirable to have unburned control animals 
on supplementary fee din gs A shortage of rats made this impossible 
However, 4 albino rats of a different stock (Department of Pathology, 
Oxford) were obtamed These animals formed a fifth group They 
were kept on a non-fat diet for 2 days, and then received the sucrose 
supplement without being burned Nitrogen excretion and animal 
weights are given m Appendices 3 and 4 respectively The effect of 
the supplement and of burning on the mtrogen excretion of the com- 
parable groups, 1 to 4, are summarized in Table II It will be noticed 
that the excess mtrogen excretion due to burmng is similar on a 
26 per cent fat diet and a non-fat diet The addition of sucrose led 
to diminished nitrogen excretion from burmng m the group fed 25 per 
cent fat The difference between the excess mtrogen due to the bum 
on the 25 per cent fat diet, and on the 25 per cent fat diet supplemented 
with sucrose, is significant (P = 0 05) 


Table n — E xperiment 2 Effect op Burning on Mean Daily Ubea and 
Ammonia Nitrogen Excretion, on Fat and Non fat Diets, with and 
without Supplements 


Group 


1 

2 

3 

4 


6 


Number 


Supple 

of 

Diet 

animals 

ment 

4 

Non fat 

Water 

3 

Non fat 

Sucrose 

4 

25 per cent 

Water 


fat 


4 

26 per cent 

Sucrose 


fat 


' 4 

Non fat 

Sucrose 


Mean daily 
mtrogen excretion 
(mg ) 

Change 

Basal 

Burn 


period 

period 


107 

209 

+ 42± 3 6 

167 

202 

+ 36±19 1 

192 

227 

+ 36± 8 1 

183 

190 

+ 7 ± 19 7 


Not 



burned 


154 

163 

+ 9± 3 9 


Effect of Sucrose Supplement with Meals 


At the time this experiment was conducted, account was taken of 
the effeot of fat m retarding digestion of proteins by delaying gastnc 
secretion [Babkin, 1944] The possibility was considered that the 
sucrose supplement exerted its influence only on the 25 per cent fat 
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diet, because only on the fat diet was the protein in process of assimila- 
tion at the time the excess carbohydrate was being absorbed The 
protein-sparing effect of carbohydrate has been shown to depend on 
the simultaneous administration of carbohydrate and protein This 
has been demonstrated under various conditions by Larson and Chnihoff 
[1937], Cuthbertson and Munro [1937, 1939], Lovell and Rnbinowitch 
[1939], and by Cuthbertson, Webster and Young [1940] In order to 
test this possibility the sucrose supplements were fed w ith the protein- 
contaimng meals m Experiments 3 and 4 

In Experiment 3 all of the ammals were on a non-fat basal diet 
for the 4 preliminary days They were then divided into 5 groups 
Groups 1, 2 and 3 were burned and received no supplement, a « ater 
supplement, and a sucrose supplement respectively Groups 4 and 3 
were not burned, the first receiving a -water supplement, the second a 
sucrose supplement 

In order to give the extra sucrose with the meals, the basal diet w as 
given as 4 meals, one every 6 hours, per day The volume was 4 5 ml , 
and the supplements, of equal -volume, were given immediately after 
the food The sucrose supplement was a 50 per cent solution, repre- 
senting a 70 per cent increase in calories during the 6 days after burning 
The basal diet provided 17 9 calories per 100 g for a 2S0 g rat It will 
be noted that the number of burned ammals on a sucrose supplement 
was two Initially there were 5 ammals, but the increased concentra- 
tion of sucrose in this experiment (particularly when given immediately 
after burning) proved to be too much, and 3 animals were lost The 
nitrogen excretion and weights of the different groups are given in 
Appendices 5 and 6 respectively The effects of burning on a non-fat 
diet and a supplemented non-fat diet are summarized in Table III 
In this experiment there was an apparent reduction in the nitrogen 
excretion due to the sucrose supplement, the significance of tho 


Table III Experiment 3 Effect of Sucrose given witu 'll e a ls vnd 

every 0 Hours upon Nitrogen Excretion after Burnino 


Group 


1 

2 

3 

4 

5 





Daih nitrogen 


Xumber 

of 

animals 

Treat- 

ment 

Supple 

ment 

oxcrction (mg ) 

Dovs Days 

Change 



1-4 

5-10 


5 

Bum 

Nil 

100 

224 

+ 58 

4 

Bum 

\\ ater 

177 

223 

+ 40 

o 

Bum 

Sucrose 

191 

185 

- 0 

5 

No bum 

\\ ater 

171 

185 

+ 11 

4 

No bum 

Sucrose 

108 

14S 

-20 


Excess nitrogen 

0 X 01 x 000 duo 

to bum 




(rag 

per duj ) 





On babal diet (4(3 -11) 

V 1 1 A 

= 37 

J.\ 1 f 
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difference was made doubtful by the few animals left alive in the sucrose 
group 

Experiment 4 was a repetition with minor changes of Experiment 3, 
made necessary by the mortality as mentioned above There were 
4 groups of a nimals The preliminary period on a non-fat diet, of 6 ml 
every 6 hours (20 7 cal /100 g of body-weight for a 270 g rat), was 
4 days Two groups were then burned, and one of them and one control 
group were given sucrose supplements with their meals The sucrose 
supplement was a 30 per cent solution on the day of burning and a 
50 per cent solution for the remaining 5 days of the experiment This 
represented a 62 per cent increase m the calorie intake The nitrogen 
excretion and animal weights are given m Appendices 7 and 8 It will 
be noted that 2 of the burned animals without a supplement died at 
the end of the third day after burning Of the 2 remaining animals in 
this group, 1 was killed at the beginning of the tenth day by a feeding 
error, the catheter having been introduced into the trachea In this 
case the average mtrogen excretion for days 8 and 9 is entered in the 
table, instead of the average for a three-day period All of the burned 
animals on a sucrose supplement survived The effeot of the bum is 
summarized in Table IV, and shows a shght reduction m the mean 
excretion due to carbohydrate feeding 

Table IV — Experiment 4 Effect of Sucrose given with Meals and 
every 6 Hours upon Nitroqen Excretion after Burning 


Number 

of 

animals 



Daily mtrogen 


Treat 

ment 

Supple 

ment 

excretion (mg ) 

DayH Days 

Change 




3-4 

6-10 


4 

No bum 

Nil 

242 

230 

- 0 

4 * 

Bum 

Nil 

232 

260 

+ 24 

4 

No bum 

Sucrose 

223 

193 

-30 

5 

Bum 

Sucrose 

224 

207 

-17 


Excess nitrogen excretion due to bum 
(mg per day) 

On basal diet (24 + 0) =+30 

Plus sucrose supplement (30 - 17) = + 13 

Original number of anima ls In last period (see Appendix) 2 animals died 
Allowance was made for this in the averages 


We are indebted to Dr R B Eisher (of this Department) for a 
statistical analysis of the results , he has contributed the following note 

A Statistical Analysis of Experiment 4 By R B Eisher 

The first point which is clear from the data of Appendix 7 is that there 
ia a greater mtrogen excretion on days 3-4 than on days 1-2 m all 
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groups Thus the mean nitrogen excretion oil days 3-4 is likely to be a 
better estimate of what the nitrogen excretion might be expected to be 
m subsequent periods m the absence of experimental interference, than 
is the average taken over days 1-4 The data for dajs 1-2 have there- 
fore been excluded from the analysis 

Secondly, since only two animals m Group 2 survived after the 
seventh day, and since the effect of burning on nitrogen excretion is 
normally manifest during the first three days after burning, it seems 
reasonable to confine the analysis to a comparison of the mtrogen 
excretions of days 3-4 with those for days 5-7 

The experimental treatments instituted on day 5 can be symbolized 
as 

NX = no sucrose no burning 
XB = no sucrose burning 
SN = sucrose no burning 
SB = sucrose burning 


The best way of examining the effects of these treatments is to analyse 
the alterations m mean daily nitrogen excretion produced in each rat 
In this way the effects of variation in the characteristic daily mtrogen 
excretions from rat to rat are largely eliminated 

The data, arranged for this purpose, are tabulated belou 


No sucrose 


Mean efiect 


Sucrose 


Mean efiect 


No burning 




Effect 

Dajs 

Davs 

(NN) 

3-4 

5-7 


(224 

209 

-15 

I 298 

304 

+ 0 

l 233 

237 

+ -1 

1 213 

226 

+ 13 



+ 2 00 

No burning 



s. 

Effect 

Davs 

Davs 

(SN) 

3-4 

5-7 


r 234 

215 

-19 

20S 

157 

-51 

215 

107 

-48 

23-1 

1S4 

-50 



o 

o 

Cl 

-r 

1 


Burning 




Effect 

Days 

Days 

(SB) 

3-4 

5-7 


249 

260 

+ 20 

221 

252 

t31 

268 

274 

+ 10 

244 

258 

+ 14 

+ 20 25 

Burning 

Effect 



Da\s 

Days 

(SB) 

3-4 

5-7 


224 

175 

-49 

108 

188 

- 10 

241 

207 

-34 

230 

187 

-43 

225 

183 

-42 

-35 00 


Thn standard errors of the mean effects range from 

a„ d ” £ 2 * “«■**££ 1 “ ro ‘ 

a standard error of ±C0 That is, 


;(Sto ±7 7, 
\cept XX, -with 
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(1) there is no evidence of further appreciable rise of nitrogen 

excretion on days 6-7, in the absence of experimental 

interference , 

(2) in the absence of sucrose there is a significant increase m 

nitrogen excretion m the first three days after burning , 

(3) the sucrose supplement significantly diminishes nitrogen excretion 

whether or no the animal is burnt at the same time 

The effect of burning in the presence of a sucrose supplement can 
only be estimated by means of the difference between SB and SN, and 
is therefore ( - 35 60)-( - 42 00) =+ 6 40 This is certainly much 
smaller than the NB effect, but it is unfortunately not directly com- 
parable with it The individual effects NN, NB, SN and SB are 
comparisons within individual groups of rats, but the difference (SB-SN) 
mvolves comparison between different groups of rats, and to obtain a 
fair comparison we must compare it with the corresponding difference 
(NB-NN) If we call these differences m the presence and absence of 
sucrose respectively B, and B„, we have 

B„ = (NB~NN)= +18 25± 7 09 P < 0 026 
B, = (SB-SN) = + 6 40 + 10 28 
(B„-B,) = +11 85 + 12 81 P > 0 15 

P here is the probability of obtaining a zero or negative mean difference 
m a repetition of the experiment Although B, is not significantly 
different from zero, it is obvious from its standard error that it is also 
not significantly different from B„, so that the experiment unfortunately 
provides no basis on which to decide whether a sucrose supplement 
does or does not inhibit the increase m nitrogen excretion normally 
produced by burning 

Analysis of Experiment 3 — The data of Experiment 3 have been 
analysed on similar lrnes There is no significant difference between 
Groups 1 and 2 in this experiment, so that it has been taken that the 
water supplement did not significantly alter the nitrogen response to 
burning Differences B„ and B„ corresponding to those described 
above, were then computed for the water-and-sucrose-supplemented 
groups respectively The results are 

B w = +38 60+15 81 P < 0 025 
B,= +17 00 + 13 70 

+21 50 + 23 09 P > 0 15 

Here again the effect of sucrose on the response to burning is 
equivocal 
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Discussion 

The primary question -with -which this -work is concerned is, “Does 
the provision of extra carbohydrate reduce the nitrogen excretion duo 
to burning v ' In the light of the statistical note, the answer obtained 
from Experiments 3 and 4 is that the data do not permit of a decision 
either -way Hence the answer reached is not more definite than 
previous ones in spite of the improvement in technique introduced by 
the tube feeding It is hard to see how the technique can be further 
improved so far as the daily ingestion of food is concerned, yet e\en 
with similar daily doses of the diet the excretion of the burned rats 
showed such wide variations upon the high sucrose diet that the results 
were not statistically significant To make them so would requiro 
such large numbers of animals that the technical difficulties seem 
insuperable It is interesting to note the large reduction in nitrogen 
excretion induced by the sucrose feeding, and this may be held to be an 
indication that the provision of extra calories m this form is advisable m 
patients to prevent protein wastage 

StnuMAitY 

1 Studies of the nitrogen excretion of tube-fed rats have been made 
under different dietary conditions, and following a standard burn 

2 Substitution of carbohydrate for the fat of a 25 per cent fat 
diet, without changing the calonc intake, results in a reduced nitrogen 
excretion 

3 In unhumed animals a sucrose supplement given with the meals 
substantially reduces the nitrogen excretion on a non-fat diet during 
a 3-day period, following which it rises tow ard its previous level 

4 The data obtained upon the effect of sucrose supplements after 
burning, when examined statistically, did not permit of a decision either 

way 

5 The significance of these findings is discussed 
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Appendix 1 

E xperime nt 1 — Average Daily Urea and Ammonia Nitboqen 
Excretion (mg ) 



Days 1-3 

Days 4-5 

Days 6-7 

Days 8-10 

Group 1 

25 per cent 

fat diet 

25 per cent fat diet 


203 

240 

203 

173 


186 

161 

206 

197 


218 

200 

219 

171 


176 

208 

197 

189 


229 

211 

189 

167 


192 

192 

171 

166 


218 

208 

171 

216 


206 

176 

203 

185 

Mean 

204 

199 

195 

1S3 

Group 2 

25 per cent 

fat diet 

Non fat diet 


219 

214 

181 

181 


211 

224 

165 

161 


208 

204 

152 

151 


212 

219 

173 

174 


208 

232 

189 

173 


183 

172 

152 

155 


184 

188 

162 

173 

Mean 

203 

208 

182 

167 



Appendix 2 




Experiment 

1 — Animal Weights (g ) 



Day 1 

Day 6 

Day 11 

Weight change 
(days 6-11) 

Group 1 

26 per cent 
fat diet 

25 per cent 

fat diet 



289 

278 

281 



284 

279 

281 



274 

270 

274 



267 

262 

268 



286 

283 

288 



284 

300 

307 



273 

281 

285 



264 

269 

270 


Mean 

278 

278 

282 

+ 4 

Group 2 

25 per cent 
fat diet 

Non fat diet 



320 

306 

308 



284 

274 

279 



275 

280 

282 



272 

273 

277 



312 

297 

299 



289 

299 

302 



270 

285 

288 


Mean 

289 

288 

291 

+ 2 
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Appendix 3 


ExPEHniENT 2 — Average Daha Urea and Ammonia Eitrooen 
Excretion (mg ) 



Days 1-2 

Days 3-5 

Days 6-11 

Group 1 

Eon (at diet 

Burned + water supplement 


1S1 

181 

216 


165 

161 

208 


152 

151 

202 


173 

174 

211 

Mean 

16S 

167 

209 

Group 2 

Eon fat diet 

Burned +sucroso supplement 


180 

173 

200 


152 

155 

220 


162 

173 

181 

Mean 

168 

167 

202 

Group 3 

25 per cent 

fat diet 

Burned + water supplement 


203 

173 

240 


200 

107 

234 


219 

171 

216 


197 

189 

214 

Mean 

206 

182 

227 

Group 4 

25 per cent 

fat diet 

Burned +sucroso supplement 


189 

107 

188 


171 

106 

201 


171 

216 

181 


203 

1S5 

190 

Mean 

183 

183 

190 


Group 5 


Eon fat diet 
Days 4-5 
150 

133 

134 
188 


Eot burned +aucroso supplement 


154 

157 

157 

183 


Mean 


154 


103 
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Appendix 4 

Expebihent 2 — Animal Weights (g ) 



Day 1 

Day 6 

Day 12 

Weight change 
(days 6-12) 

Group 1 

Non fat diet 

Burned + water supplement 



306 

308 

297 



274 

279 

276 



2S0 

2S2 

282 



273 

277 

278 


Mean. 

283 

286 

283 

- 3 

Group 2 

Non fat diet 

Burned + sucrose supplement 



297 

209 

308 



299 

302 

318 



285 

288 

302 


Mean 

294 

296 

*309 

+ 13 

Group 3 

25 per cent 

Burned + water supplement 



fat diet 





278 

281 

282 



279 

281 

274 



270 

274 

276 



262 

208 

273 


Mean 

272 

276 

276 

0 

Group 4 

25 per cent 

Burned +suorose supplement 



fat diet 





283 

288 

304 



300 

307 

320 



281 

285 

301 



269 

270 

293 


Mean 

283 

287 

304 

+ 17 

Group 5 

Non fat diet 

Not burned + sucrose supplement 



Day 4 

246 





265 

262 



260 

266 

278 



259 

263 

277 



265 

270 

282 


Mean 

267 

263 

275 

+ 12 
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Appendix 5 

Experiment 3 — Average Daily Tjeea and Ammonia Nitrogen 
Excretion (mg ) 



Days 1-4 

Days 5-7 

Days 8-10 

Group I 


Burned +no s 

lupplement 


180 

246 

247 


177 

211 

1S7 


150 

241 

19S 


161 

231 

176 


163 

259 

249 

Mean 

166 

238 

211 

Group 2 


Burned + water supplement 


184 

210 

227 


181 

249 

231 


17$ 

234 

193 


107 

239 

200 

Mean 

177 

233 

214 

Group 3 


Burned +sucrose supplement 


210 

186 

214 


167 

166 

176 

Mean 

191 

170 

195 

Group 4 


No bum + water 

supplement 


149 

139 

128 


199 

189 

198 


187 

212 

192 


166 

204 

177 


108 

210 

198 

Mean 

174 

291 

179 

Group 5 


No bum + sucrose 

► upplomont 


15S 

130 

167 

174 

125 

155 

163 

129 

101 

172 

152 

101 

163 

135 

101 


Mean 
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Appendix 6 



Ekpebimbnt 

3 — Animal Weights (g ) 

' 





Change 


Day 1 

Day 5 

Day 11 

(days 5-11) 

Group 1 


Burned + no supplement 



304 

295 

288 



280 

278 

274 



275 

280 

282 



278 

277 

280 



207 

270 

267 


Mean 

283 

280 

278 

_ 2 

Group 2 


Burned + water supplement 



300 

301 

308 



289 

285 

275 



274 

276 

277 



269 

271 

267 


Mean 

283 

283 

2S2 

- 1 

Group 3 


Burned + sucrose supplement 



299 

287 

303 



268 

271 

297 


Mean 

283 

279 

300 

+ 21 

Group 4 


No bum + water supplement 



291 

294 

301 



283 

299 

279 



273 

269 

273 



268 

269 

276 



260 

253 

255 


Mean 

273 

277 

277 

0 

Group 5 

289 

292 

311 



281 

278 

302 



273 

274 

295 



268 

265 

292 


Mean 

278 

277 

300 

f 23 
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Appendix 7 


Experiment 4 — Average Daila Urea and Ammonia Nitrogen 
Excretion (mg ) 



Days 1-2 

Days 3-4 

Days 5-7 Days S-10 

Group 1 




No bum 







198 

224 

209 

217 


232 

29S 

304 

293 


180 

233 

237 

210 


15S 

213 

226 

194 

Mean 

192 

242 

244 

22S 

Group 2 




Bum 


162 

249 

209 



176 

221 

252 

248 


229 

25S 

274 



205 

244 

25S 

264 * 

Mean 

193 

243 

263 

256 


(190) t 

(232) 

(255) 


Group 3 



No burn + sucrose supplement 


180 

234 

215 

230 


168 

20S 

157 

194 


144 

215 

167 

187 


191 

234 

184 

208 

Mean 

171 

223 

1S1 

205 

Group 4 



Bum + sucrose supplement 


192 

224 

175 

182 


107 

108 

188 

244 


198 

241 

207 

241 


153 

230 

187 

212 


186 

225 

183 

220 

Mean 

179 

Cl 

188 

220 


* This figure is calculated from tho excretion on dim S and 9 only At the 
r 10 a feedins error necessitated that tho anunul be sacrificed 
^^The figure in brackets’ are tho means of tho 2 animals that survived until 

day 10 
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Appendix 8 


Experiment 4 — Animal Weights (g ) 



Da> 1 

Day 5 


Day 11 

Change 
(days 5-11) 

Group 1 



No bum 




290 

291 


293 



287 

277 


273 



270 

250 


265 



209 

204 


205 


Mean 

280 

272 


271 

- 1 

Group 2 



Bum 




293 

277 





275 

208 


263 



202 

253 





204 

258 


248 * 


Mean 

273 

204 



-13 


(270) t 

(203) 


(260) 


Group 3 


No bum + sucrose supplement 

A 



209 

273 


294 



259 

251 


280 



258 

254 


280 



241 

240 


206 


Mean 

257 

254 


280 

+ 20 

Group 4 


Bum + sucrose supplement 



293 

279 


327 



207 

207 


288 



257 

244 


262 



250 

238 


205 



290 

270 


310 


Mean 

271 

201 


290 

+ 29 


* This figure is the weight of the animal on the mor nin g of day 10 At the 
beginning of day 10 a feeding error necessitated that the anim al be sacrificed 

t The figures in brackets are the means of the 2 animals that survived until 
day 11 
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THE DETERMINATION OE THE RENAL CLEARANCE OE 
DIODONE AND THE MAXIMAL TUBULAR EXCRETORY 
CAPACITY EOR DIODONE IN MAN By J S Robson, 
M H Eeiukison, 0 Olbbxoh and C P Stewart From 
the Clinical Laboratory, Royal Infirmary, Edinburgh 

{Received for publication 25 th May 1049 ) 

Introduction 

The derivation of the renal clearance of muhn in man from the curve of 
the falling plasma muhn concentrations following a single intravenous 
injection [Robson, Eerguson, Olbnch and Stewart, 1949], suggested 
that a similar method of analysis might be applied to the determination 
of the renal clearance of chodone and to the maximal excretory capacity 
of the tubules for diodone 

Homer Smith and his colleagues [1938] claimed that the renal 
clearance of diodone at plasma levels of less than 6 mg diodone iodine 
per 100 ml is a valid measure of the effective renal bloodrflow, and that 
the maximal excretory power of the tubules for diodone, attained when 
the plasma level is elevated sufficiently to effect tubular saturation, 
provides a measure of the renal excretory mass The difficulties of their 
technique, which involves the continuous infusion of diodone to main- 
tain plasma levels first of less than 6 mg diodone iodine per 100 ml , and 
subsequently high enough to effect tubular saturation, the simultaneous 
infusion of muhn, and the collection of urine by catheter over short 
clearance periods, have rendered the method unsuitable for general 
cluneal use 

As m the case of the deter mi na tion o f the renal clearance of muhn. 
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THE DETERMINATION OF THE RENAL CLEARANCE OF 
DIODONE AND THE MAXIMAL TUBULAR EXCRETORY 
CAPACITY FOR DIODONE IN MAN By J S Robson, 
M H Febguson, 0 Olbbioh and C P Stewabt From 
the Clam cal Laboratory, Royal Infirmary, Edinburgh 

(Received for publication 25 th May 1049 ) 

Intkoduotion 

The derivation of the renal clearance of inulin m man from the curve of 
the falling plasma inulin concentrations following a single intravenous 
injection [Robson, Ferguson, Olbnoh and Stewart, 1949], suggested 
that a s imila r method of analysis might be applied to the determination 
of the renal clearance of diodone and to the maximal excretory capacity 
of the tubules for diodone 

Homer Smith and his colleagues [1938] claimed that the renal 
clearance of diodone at plasma levels of less than 5 mg diodone iodine 
per 100 ml is a valid measure of the effective renal blood-flow, and that 
the maximal exoretory power of the tubules for diodone, attained when 
the plasma level is elevated sufficiently to effect tubular saturation, 
provides a measure of the renal excretory mass The difficulties of their 
technique, which involves the continuous infusion of diodone to main- 
tain plasma levels first of less than 5 mg diodone iodine per 100 ml , and 
subsequently high enough to effect tubular saturation, the simultaneous 
infusion of inulin, and the collection of urine by catheter over short 
clearance periods, have rendered the method unsuitable for general 
cluneal use 

As m the case of the determination of the renal clearance of in ulin , 
there have been numerous attempts to simplify the technique In all 
these, a smgle or double injection of diodone, variously given intra- 
venously, subcutaneously or intramuscularly [Findley and White, 
1940, Foh and Foa, 1942, Josephson, 1947, Barclay, Cooke and 
Kenney, 1947], replaces the continuous infusion The collection of 
urine by catheter necessarily remains, with its inaccuracies and incon- 
veniences, since the objective is an approximation to a value for the 
rate of excretion during an infinitesimally small period of time 

Findley, Edwards, Clinton and White [1943] noted the impossibility 
of maintaining plasma concentrations of diodone high enough to effect 
VOL X X X V, NO 3- — 1949 173 12 
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tubular saturation, following subcutaneous injection Empirically, 
however, they claimed a high, degree of correlation between the ma gma ! 
tubular excretory capacity and the percentage of the injected diodono 
excreted in the first thirty minutes after injection There appears 
to be no theoretical basis for this correlation, and, in our expenenco, 
the amount of diodone actually excreted in the first thirty minutes 
after injection has often deviated very widely from the amount predicted 
from a knowledge of the maximum tubular excretory power obtained 
by more orthodox methods These discrepancies may anse partly 
from the fact that there is no constant relationship between the amount 
of diodone in the body at any given time, and the amount in the plasma 
presented to the kidneys for excretion 

Landowne and Alving [1946] have presented a method by which the 
rate of glomerular filtration, the renal blood-flow, and the mammal 
rate of tubular excretion were calculated from data obtained after a 
single injection of para-ammo hippunc acid Although this method 
appears to contam no theoretical fallacies m its apphcation, the need 
for accurate urine collection by catheter remains Earle and Berliner's 
method [1946] for determining the clearance of mulin and of diodone 
at low plasma levels, employing the infusion pump in order to maintain 
constanoy in the plasma levels of these substances, has been briefly 
criticised elsewhere [Robson et al , 1949], it has not, apparently, been 
applied to the determination of the maximal excretory power of the 
tubules for diodone 


Past I Volume of Distribution 
Theoretical Considerations 

In a previous paper, the present authors [1949] developed a method 
which, by t akin g cognisance of the continuously varying volume of 
distribution of mubn after injection, permitted the clearance of that 
substance to be measured simply Similar considerations applied to 
diodone lead to methods of dotorminmg the renal clearance of diodono 
at low plasma levels ( C D ) and the maximal rate of tubular oxcrotion of 

diodone at high plasma levels (Tm„) 

Employing a terminology similar to that used on previous occasions 
rDominguez, 1934, Dominguez and Pomerene, 1935, 1944, Robson el al , 
19491 the volume of distribution at any time is defined as that volumo 
1 bi h would contam all the solute present in the body, if it wore ovonly 
X tnbuted at the concentration found m plasma water at that time 
mf volume of distribution of diodone following a single mjeotion of 
diodone may therefore be derived from the formula 


V D = 


D> 

P’ 


( 1 ) 
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where To = the volume of distribution of diodone, 

D 6 = the total amount of diodone in the body in mg diodone 
iodine, 

P=the concentration of diodone iodine in plasma water 


By arguments similar to those used m the case of inulin, it may be 
shown that the function Vo does not necessarily possess any physio- 
logical significance m terms of actual volumes of defined fluid com- 


partments 

It may be shown that the function 



provides a measure of 


the difference between the concentration of diodone in plasma water 
and the mean concentration in the fluids other than plasma m which it 
is dispersed It also follows that the rate of ohange of the function 
Vo measures the change in the amount of diodone m all compartments 
other than plasma, relative to plasma water concentration, with respect 
to time 

In the determination of V D , values for D b are calculated by sub- 
tracting the amount of diodone iodine exoreted in the urrne from the 
amount administered, at intervals following injection It is clear that 
this method will yield true values for D b only if diodone is excreted 
from the body solely by the kidneys, and provided that there is no 
destruction of it in the body It is, however, by no means certain that 
these two conditions are fulfilled, although the amount of diodone 
which escapes renal excretion must be small Tournd and Damm 
[1930] reported that a small quantity of sodium lodopyridone acetate 
was excreted by the liver, the amount so exoreted increasing with 
diminishing renal efficiency Exhaustive recovery experiments with 
diodone do not seem to have been reported, but m six human subjects 
investigated by the present authors, 77 to 100 per cent of intravenously 
injected diodone was recovered from the urine within five hours 

If diodone is destroyed in the body and/or excreted by any non- 
renal route, the value of D b obtamed by subtracting the amount of 
diodone iodine exoreted m the urrne from the amount originally mjeoted 
will be greater than the true value of the amount of diodone iodine in 
the body The values of V o derived from such values of D s must also 
be fictitious, and represent what, at given plasma diodone iodine levels, 
the volume of distribution would have been if renal excretion had been 
the only disposal route Although this complicates the physiological 
significance of V L , calculated from measurements of renal excretion 
of diodone, it does not prevent the development of a simplified method 
for determining the renal clearance of diodone or the maximal rate of 
tubular excretion for that substance 
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Method I 


The Determination of the Function 



The function V B =-^ 


following the intravenous injection of diodono 


was determined in fourteen subjects ranging m age from 25 to S3 years 
Eleven of the subjects were old people suffering from varying degrees 
of hypertension but with no other complaint The remaining three 
subjects were normal volunteers With the exception of two normal 
female volunteers, who were permitted to be sedentary, the subjects 
were recumbent during the period of the experiment 

All fourteen subjects were employed m determining V# with low 
plasma diodone levels, ten were given a second injection of diodone 
for the determination of V D corresponding to lngh plasma levels, GO to 
80 minutes after the first, and tw o received the second injection after an 
interval of some days In all cases inuhn clearance was determined 
simultaneously with the determination of V D for low plasma levels of 
diodone 

The subjects were prepared by fasting overmght, no breakfast was 
given and they w r ere urged to drink ample amounts of fluid To 
determme values of V D corresponding to low plasma diodono levels, 
accurately measured volumes of a 35 per cent (w/v) solution of diodone 
were injected intravenously m approximately two minutes, for lugh 
plasma diodone levels a 50 per cent (w/v) solution was used and, the 
volumes bemg greater, the injection occupied about eight nnnutes The 
tunes of the injection were reckoned from the mid-points of the actual 
injection period 

Venous blood samples were withdrawal at approximately twenty- 
minute intervals, for 55 to 120 minutes after mjection when the low 
plasma diodone levels were bemg mvestigated, and for S7 to 129 minutes 
after the mjection for the investigation of high plasma lovels effecting 
tubular saturation The normal female volunteers passed urine 
spontaneously at approximately twenty-minuto intervals, errors of 
collection being minimised by maintaining a urino flow of over 10 
ml /minute during the experimental period In all other cases urino 
was collected by catheter, the bladder bemg washed out with 20 ml 
normal saline immediately before the end of each period Tho exact 
time of every operation was noted Diodono iodine w as estimated in ull 
blood and urine samples by Alpert’s method [1941] 

In all subjects, values of the function 1 following both 


injections were determined at intervals corresponding to times of urine 
- ■ The total diodone iodine m tho body at these times wus 


collection 
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calculated by subtraction of the amount which had been excreted in the 
urine from the amount injected In the ten subjects to whom the 
second larger injection was given 60 to 80 minutes after the first injection, 
the amount of diodone iodine remaining m the body from the initial 
injection at the time of the last urine collection was added to the amount 
given at the second injection It was never more than 6 per cent of the 
second injection, which was invariably given within ten minutes of the 
preceding urine collection The values of P employed m calculating 
V n were derived from the plasma-time curve at the times of urine 
collection They were converted to mg diodone iodine per 100 ml plasma 
water, using the formula total plasma water per 100 ml plasma = 100 — g 
plasma proteins per 100 ml plasma [Goldrmg and Chasis, 1944] 


Results I 


Table I presents the ohnical features of the subjeots and the results 
of the values of Vj>=~ calculated at intervals following mjeotion of 


diodone in amounts ranging from 18 to 36 mg diodone iodine/ 
kg body-weight These amounts produced plasma concentrations of 
diodone low enough to ensure high renal extraction ratios 

Table II gives the calculated values for V D when, as a result of 
injecting 98 to 291 mg diodone lochne/kg body-weight, the plasma 
levels of diodone were high enough to ensure tubular saturation for 
the duration of the experiment In this table the amount remaining 
m the body from any preceding mjeotion is also noted 

In every subject, V $ increases throughout the experimental period 
With the small dose of diodone, V D varied from 10 0 to 28 8 1 at times 
18 to 38 minutes after injection, and from 13 0 to 01 5 1 at times from 
66 to 120 minutes The initial values, when the larger injections were 
given, ranged from 7 6 to 19 6 1 at times from 20 to 32 min utes after 
mjeotion, and the final values, 87 to 129 min utes from the mjeotion 
tune, were 9 6 to 28 8 1 

Rigs 1 and 2 illustrate graphically the relationship of V D to time 
for some of the cases, the former for low plasma diodone levels, the 
latter for high (Those cases which did not overlap on plotting were 
selected for the figures , the others do not diff er in respect of the relation- 
ship of V D to time ) Each line is drawn from the first value of V D for 
the subject concerned (18 to 40 min utes after mjeotion) to the final 
value for the Bame subject (68 to 130 minutes after injection), without 
consideration of the intermediate points which, however, fall close to 
the line 


As in the experiments reported for rnulin (loc cit ), the results 
indicate that at no time following the injection of diodone m doses 
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Table I — Clinical Feat-dees op the Subjects and Values op the Function 

V d — js> Calculated at Intebvals following Injection' of Measured 

Amounts op Diodone (35 peb cent ), adequate to Produce Plasma 
Levels Suitable fob the Estimation op Diodone Clearance (G\d) 




-Age, 

Years 



Diodone iodine 

Time in nuns 

TT -^4 

Subject 

Sex 

Weight, 

lf(T 

BP 

dose, nag /kg 

following 






body-weight 

injection 

litres 

1 MR 

F 

25 

55 5 

120/70 

29 5 

20 

23 2 







40 

33 4 







60 

44 0 







80 

61 5 

2 JS 

M 

05 

50-0 

205/95 

34 9 

22 

2S S 







S3 

31 9 







54 

3S 8 







71 

42 5 

3 WR 

M 

49 

71 1 

160/110 

24 6 

38 

20 0 







54 

28 S 







70 

30 3 

4 M.F 

F 

44 

07 7 

110/70 

36 4 

35 

21 8 







64 

25 1 







75 

30 6 







95 

34 9 







120 

41 0 

5 W.H 

m 

44 

56 8 

140/90 

30 5 

21 

17 5 






41 

24 4 







00 

32 6 

6 RJ) 

F 

75 

57 3 

230/120 

21 5 

23 

IS 2 






42 

22 1 







62 

24 4 

7 MAT 

F 

72 

50 5 

250/140 

18 3 

IS 

10 0 






38 

11 9 







58 

13 0 

8 CD 

F 

08 

45 3 

220/125 

22 8 

21 

43 

11 9 

14 0 







63 

18 8 

9 G.M 

M 

70 

6S5 

190/110 

26 7 

22 

41 

19 5 

23 5 







02 

28 5 

10 Mi 

F 

83 

57 3 

200/110 

21 5 

21 

41 

22 3 

31 3 







00 

40 5 

11 JJD 

JL 

7S 

67 5 

220/130 

18 4 

2° 

40 

17 5 

20 0 







65 

21 0 

12 BJ 

F 

62 

46 8 

210/130 

32 0 

20 

40 

12 8 

15 0 







01 

18 5 

13 JP 

F 

70 

39 1 

220/120 

20 0 

21 

41 

11 1 

13 0 







01 

14 1 







31 

15 6 

14 BJ) 

F 

65 

32 5 

100/100 

21 7 

23 

42 

10 I 

12 0 







Cl 

13 2 
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Table H 

— Values of the 

Function Vd 

Calculated at 

Intervals 

following Injection of 

Measured Amounts 

OF 50 PER CENT 

Diodone, 

ADEQUATE TO PRODUCE PLASMA LEVEL SUITABLE FOR THE ESTIMATION OF 

Tmn 

The Amounts of 

Diodone remaining 

in the Body 

FROM THE 

previous Injections are Indicated 





Diodone iodine in 




Diodone iodine dose, body from 

Time in mins 

f! 

(2 

Subject 

mg /kg 

initial injection, 

following 


body weight 

mg /kg 
body weight 

injection 

litres 

1 MR 

291 

0 

20 

16 7 




40 

18 8 




60 

21 0 




80 

23 6 




100 

26 0 




120 

28 8 

2 JS 

249 

10 

32 

19 6 




66 

23 8 




80 

27 2 




96 

28 6 

6 WE. 

252 

9 

24 

12 5 




44 

15 1 




63 

10 7 




84 

18 7 




105 

19 0 




125 

21 4 

6 R.D 

172 

8 

27 

13 8 




45 

16 4 




06 

16 9 




86 

18 2 




105 

19 2 




126 

20 3 

7 MJtf 

172 

6 

28 

12 4 




49 

16 0 




68 

16 7 




77 

17 5 




108 

19 2 

8 GB 

203 

9 

25 

10 3 




44 

12 0 




64 

14 1 




84 

15 9 




104 

17 1 

9 GM 

211 

10 

30 

13 8 




49 

16 0 




69 

18 5 




89 

19 0 




109 

19 9 

10 ML 

215 

12 

25 

12 4 




40 

14 3 




67 

15 6 




86 

16 0 


‘ 


106 

17 4 




128 

18 1 
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Table 13 — Continued 



Diodone lodina doso. 

Diodone iodine m 



Subject 

body from 

Tune in mins 


mg /kg 
body weight 

initial injection, 
mg /kg 
bodj weight 

following 

injection 

V D ^ 

litres 


11 JD 

98 

0 

22 

19 0 




32 

20 0 




43 

20 7 




S7 

23 2 

12 BJ 

197 

11 

29 

10 8 




49 

12 5 




G9 

13 5 




SS 

14 2 




109 

14 3 




129 

15 5 

13 JP 

240 

10 

29 

9 2 




61 

10 3 




71 

11 1 




92 

11 9 




114 

12 3 

14 BD 

227 

9 

20 

7 5 




40 

85 




05 

SO 




80 

94 




100 

92 




120 

9 0 


of 18 to 36 mg /kg body-weight or 98 to 291 mg /kg body-weight 
does the function V D attain a constant value The implications 
of tbi3 finding m attempts to derive values for renal clearance of 
diodone and maximal tubular excretory capacity for diodone from 
curves relating the falling plasma concentrations to timo, will bo 
developed in the theoretical discussion which follows 


Pabt II The Renal Clearance and tee Maximal Tubular 
Excretory Capacity for Diodone 

Theoretical Considerations 

When diodone is injected into the blood stream, purt passes out of 
the blood-vessels and is distributed in the body fluids There is a 
disparity of opinion with regard to the entr> of diodone into the red 
blood cells Smith and hi3 colleagues [1938], from %n i tiro experiments, 
claimed that these cells were impermeable to it Moro recently, experi- 
ments by White, Findley and Eduards [1940] have indicated that, 
following the intravenous administration of diodone the concentration 
m arterial cell water is about 30 per cent of tlio plasma concentration 
Irrespective of the method emplojed in the demation of the clearance 




2, 4, 5, 6, 7, 8 12 and 13 Each lino is drawn from the first value of Vs for tho 
subject to the final value determined for the same subject without consideration of 
the intermediate points Diodono was given in amounts ranging from 18 mg to 
30 mg diodone lodme/kg body weight at time 0 
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of diodone at low plasma levels {C D ), and that of the mammal excretory 
power of the tubules for diodone ( Tm D ), the possibility of entry into 
the blood cells is of importance only if it contributes significantly to 
the plasma concentration during circulation through the kidneys and 
thereby adds to the unnary diodone The results obtained by White, 
Findley and Edwards [1940] indicate that this contribution is certainly 
small Future information may show the desirability of introducing 
a correction for any addition to the unnary diodone by the circulating 
cells, but here the normal practice will be adopted of assuming that only 
plasma diodone is filtered by the glomeruli and excreted by the tubules 
dunng passage through the kidneys The possibility of the entry of 
diodone mto tissue cells other than red cells is irrelevant to the theoretical 
considerations which follow 

Smith and his colleagues [1938] claim that at plasma concentrations 
below a specified level, diodone is excreted by the kidneys at a rate 
proportional to the plasma level It is further stated that the renal 
clearance of diodone at these levels represents the effective renal plasma 
flow [Smith, Goldring and Chosis, 1938, Smith, 1943] These relation- 
ships may be expressed as follows — 

ig—v.v—o.-p, 

where U B V =the rate of excretion of diodone iodine m the urine, 

Gj,'= a constant, representing the renal clearance of diodone in 
terms of plasma water , 

p=z the plasma water concentration of diodone, as mg diodone 
iodine 


By definition, 


D t =PxF, 

dD b d{P x V D ) 
dt ~ dt 




,_dV B V»dP 
° D ~ dt P dt 


(2) 


TP filiation (2) has a form similar to the basio formula developed for 
muhnbv Robson, Ferguson, Olbnch and Stewart [1949] The equation 
may be solved, provided the simplifying assumption is made that 
between definable limits of time, V D is linearly related to time Fig 1 
De , , w thl3 jc, justified as an approximation, but the magnitude 

S f tbeerror mvolved will be discussed later For the purpose of further 
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analysis, therefore, the function Vjj will be expressed as 
line 

V D =p +qt 


Equation (2) becomes 


p+ql dP 
p 1ft 


- (CV +2) 


a straight 


This equation may be solved by a procedure identical with that adopted 
for inulm ( loc at ), and the intermediate steps need not, therefore, be 
repeated The final formulae which emerge are as follows — 


(Cj>'+ s) 

p = e ' v d — 5— 


(3) 


and 

g (log Pi - log P 2 ) 
0 log log (F„)i 


(4) 


where -S'' = a constant, 

q= a constant representmg the slope of the line V D —p +qt, 
C D ' =the renal clearance of diodone m terms of plasma water, 
P x =the plasma water concentration of diodone iodine at time t 
P 2 =the plasma water concentration of diodone lodme at time t 
(F J) ) 1 =the volume of distribution of diodone at time t x , 
the volume of distribution of diodone at time t 2 


i> 

a. 


The logarithms are to the base 10, t x and t 2 are times within whioh 
it is assumed that the funotion V D is linearly related to time 

The method of applying formula (4) to the determination of the renal 
clearance of diodone, and the results obtained by its use, will be discussed 
m the next section It is clear that the oalculative error in the use of 
this formula hes m the assumption of linearity m the relationship of the 
function V D to time As in the case of inulm, the magmtude of the 
error so introduced may be represented by the deviations of values of P 
on the smooth curve drawn through experimentally determined pomts 
from those obtained employing formula (3) 


The Derivation of a Formula for the Measurement of the 
Maximal Tubular Excretory Capacity 

At plasma levels of diodone high enough to effect tubular saturation, 
diodone is exoreted by the kidneys at a rate which is claimed to be the 
sum of the rate of glomerular filtration and the maximal rate of tubular 
excretion [Smith, Goldnng and Chasis, 1938] This relationship is 
expressed as follows, using the symbols employed by Smith and his 
colleagues [1938] and by Goldnng and Chasis [1944] — 

Tm D = U D V-FWC in P B , 


(5) 
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where Tm^ = maximal tubular excretory capacity for diodone m 
mg /minute, 

Uj)V =rate of excretion of diodone iodine m mg /minute, 

P=the fraction of diodone that is free m plasma water and 
therefore filterable [Smith and Smith, 193S], 

W =the fraction of water in plasma, 

Pj, =plasma concentration of diodone iodine m mg /ml 
plasma = TFP, 

0 in =rate of glomerular filtration in ml /minute, as measured 
by the renal clearance of mulm 

The rate of excretion of diodone iodine (U^V) at such plasma levels 
is no longer proportional to the plasma level, and the simple formulce 
derived for the measurement of the renal clearances of diodone at low 
plasma concentrations and of mulrn are no longer apphcable 
Formula (5) may be rearranged thus 

U D V=Tm D +FWC, n P D 
This may be expressed 

~{Tm D +FWC in P 0 ) 


The negative sign is introduced to indicate that the amount of diodone 
m the body decreases with time 
By definition, 

Dt, =P * Vjj 


P-\P + IVlT = - {Tm,+rwe,j.) 

dt at 

(IV n dp 

Tm D +FWC,„Pj)+P—jp ~ - V D — 


Bv defimtion, 

3 P D = W P 

T»»+(rir>c.,+^ ? ) - c" t (o) 

Equation (6) may be solved, prowded the simplifying assumption 
13 made that between definable limits of time the function V a =-£ 
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ia linearly related to time Fig 2 suggests this assumption is justified 
as an approximation, but the magnitude of the error introduced will be 
discussed later For the purpose of further analysis, therefore, the 
function V D can be expressed as a line 

V D =l + mt, 

where m and l are constants of the line 

For convenience in the analysis, the function FW 2 O in will be repre- 
sented by O' Its constancy will of course be assumed 
Formula (6) then becomes 

(IP 

Tm D + (O' + m) P= -(l + mt)-~ 

at 


Solving this equation for P, we have 


h 


dP 


)Tm D + (O' +m)P 

In \Tm D + (C' +m)P] 
O' +m 




dt 


+ mt 
In ( l + mt ) 


m 


In E 
' C'+m 


where 


In K 

C'+m 


is the constant of integration 


(C' + m) 

In \Tm D + (C' +m)P]=ln K(l + mt) 


(C'+m) 

Tm B + {C' + m)P=K(l + mt) m 

(C' + m) 

p _ K Vp~ m ~Tm D 

C' + m 


(7) 

( 8 ) 


It is dear that equation (7) may be solved for Tm D , given two plasma 
water diodone iodine concentrations, P l and P 2 , determined at t im es 
t x and within the limits of time during which it has been assumed 
that V D is linear with time 

(F*)i and ( V D ). equal the function ~ at times t 1 and t 2 
From equation (7), 

(C' + m) 

Tm D + (O' +m)P=EV 1) ~ 


log [Tm D + (O' + m)PJ =log K - log ( 


Simdarly 


m 


log [Tm D + (O' + m)Po] =log K - log ( V D ) t 


m 
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By subtraction, 


log Tm n + (G' + m)P, _ C' + m ( Vjt)s 

Tnij, +{C +m)P„ m °“ ( 

I ) c ‘ +m 

^m D + (C' + m)P 1 =[Pm 1) + (O' +»”' p 


Tm L 


1 JVjAf 
L (FA 


C' + m - ] 


™\m 

{ ~) g* + P« 

=< c ' + ”l4S ■ A 


Tmc[( r »)i » -( [ r D ). « ] = (C' + »>)[p,(K J1 ),^-P I (P c ) 1 5 ^] 


' ; £+£> C' + m 

(FA - -(FA~ 


( 9 ) 


The calculative error in the deterannation of the tubular excretory 
capacity, employing formula (9), is solely the error introduced by the 
assumption of the linearity of V $ with time The error may be repre- 
sented by deviations of the values of P determined by the use of 
formula (8) from those values of P obtained from the smooth curve 
constructed through experimentally determined plasma levels 

This derivation of the formula} for the renal clearance of diodono 
and the tubular excretory capacity involves the differentiation of the 
function jD„ with respeot to time m terms of the product of P and V 
The values for V D are obtained from values for D b which result when the 
amount of chodone excreted in the urine is subtracted from the amount 
originally injeoted It has already been indicated that this process 
does not necessarily produce true values for the amount of diodone in 
the body at any time, because the possibility of hopatic excretion or 
destruction of diodone in the body cannot be excluded Tho criticism 
may, therefore, be offered that the differentiation of D b with time, 
employing these values for V D , is not a vahd one, since the rato of chango 
of diodone in the body may actually be greater than that accounted for 
solely by renal excretion 

That this cntioism is not vahd follows from tho fact that although 
D b is defined as the amount of diodone in the body at any time, tho 
method of calculating D b provides values which -would occur only if tho 
kidneys were the sole excretory route, and there -was no destruction in 
the body Tho rate of change with respect to timo of this function 
will therefore represent the rate of renal excretion Suico by definition 

d(PV D ) , . 

p b z=PV D y the expression — ^ — also represents tho oxcretion rato 
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Methods II 

The Determination of the Renal Clearance of Diodone and the Maximal 
Tubular Excretory Capacity for Diodone 

The Experimental Determination of 0$ and Tm ^ — The renal 
clearance of diodone was determined in all fourteen subjects, using the 
data obtained for the determination of the function V $ and utilised in 
constructing Table I Values for renal clearance following the intra- 
venous injection of diodone were obtained for two to five periods of 
about 20 minutes each Tor eacb period, tbe clearance of diodone was 
determined by dividing tbe mean rate of diodone iodine excretion per 
minute by the plasma level, the latter being read from tbe curve of 
plasma diodone iodine values plotted against time Tbe concentration 
selected was one occurring 2^ minutes before tbe ruid-pomt of tbe 
clearance period As with mulm, the value of P selected m this way 
may be shown not to differ significantly from the one obtained by 
estimating the area subtended by the plasma diodone iodine-time curve 
between the hunts of time 21 minutes before the beginning and 21 
minutes before tbe end of the clearance period and dividing by the 
abscissa Although urine was collected approximately every 20 minutes 
after injection, no clearance value was determined earlier than 20 minutes 
after the injection 

In the derivation of values for C D by this method, the mean values of 
plasma diodone iodine employed for all periods were less than 5 mg / 1 00 ml 
plasma, for all cases except cases Nos 12 and 13, m whom the values of 
P used for the first period were 6 0 mg and 6 5 mg /100 ml plasma 
respectively Since, however, the estimations were made m subjects 
m whom the plasma concentration of diodone iodine was falbng, the 
concentration during the first few minutes of the first period was above 
5 0 mg / 100 ml m six of the cases studied, extending to a maximum 
of 7 8 mg / 100 ml at the beginning of the first period m case No 12 On 
the basis of tbe standards set by Smith and his colleagues [1938], the 
clearance of diodone would be expected to be depressed at these higher 
levels, though the extent of the depression would be small In actuality, 
no evidence of depression of clearance occurs in any of these cases, nor 
indeed was there any evidence of self-depression m five other subjects 
m whom determinations of diodone clearance were made with plasma 
levels extending up to 10 mg /100 ml plasma following a single injection 
of diodone This finding is in general agreement with that of White, 
Tindley and Edwards [1940] 

The maximal tubular excretory capacity for diodone was measured 
m twelve subjects to whom a second larger injection of diodone was given, 
tbe data used m the construction of Table H bemg employed Begin- 
ning 18 to 38 minutes after injection, values for Tm D were obtained for 
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3 to 5 subsequent periods of about 20 minutes Tbe values were 
obtained by subtracting tbe estimated average amount of diodone 
filtered by tbe glomeruli from tbe average excreted in the unne per 
minute for the period, according to formula (5) The rate of glomerular 
filtration was estimated by measuring the renal clearance of inulm 
by the authors’ method [1949], for the period over which unne was 
collected for C D and Tm D estimations In addition, the collection of 
unne every 20 minutes permitted the denvation of values for inuhn 
clearance for each clearance penod over the period of urine collection 
by the orthodox process of dividing the average rate of renal excretion 
of mulm per minute by the mean plasma level of inuhn for the period 
This permitted an extension of the series of subjects m whom comparison 
of values for inuhn clearance determined by the method devised by the 
authors ( loc ext ) could be made with the average value for mulm 
clearance determined by the direct experimental method For these 
purposes, the m ulm was injected intravenously immediately after the 
first injection of diodone m all subjects 

In the derivation of values for Tm D by this method, care was taken to 
ensure that saturation of the tubules with diodone, as defined by Smith 
[1943] and by Goldrmg and Chasis [1944], was effected for the duration 
of the experiment The load/Tnio ratio during the last period in wluch 
Tm D was determined was not less than 2 0 m all subjocts, except m 
cases jSTos 7, 8 and 11m whom the ratio was not less than 1 5 

The values obtamed for the renal clearance of diodone and maximal 
tubular excretion by these methods will be termed “experimentally 
determined values” for G 0 and Tm D , in contradistinction to the 
“calculated values” obtamed by using the formula) developed in this 
paper 


The Determination of the Renal Clearance of Diodone Employing 

Formula (4) 

Between the times h and t 2 , stated m each case, and approximately 
10 to 70 minutes respectively after injection, the function V D ms 
assumed to be linearly related to time The times 1, and L corresponded 
to times of unne collection, and values of V D at these times were obtained 
hv the method already described Values of P x and P 2 were obtamed 
fmm the plasma diodone lodme-time curve They were expressed in 
tlrnm of mg diodone iodme/100 ml plasma water The constants of 
,, i, nB y °=v +qt between the points t u (Fp)i and l z , (V D ) 2 , p and q, 
„ calculated for each case Introducing the values of q, ( V D ) X and 
were ca , / n a value for C' D was derived for each caso If tho 

(Fd)s mto , ’( y\ are expressed in terms of hundreds of ml , 

values for ^ ah fche formula may bo converted to values which 

values ot Oj> ouuu“ cu j 
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represent the plasma clearance of diodone per minute (C B ) by multipli- 
cation of the values for C D ' by the factor 

10,000 

100 - g plasma protein/ 100 ml 

Dor or dina ry purposes, the plasma renal clearance may be taken as 
C' D x 106 


The Determination, by the Use of Formula (3), of the Error introduced m 
the Assumption of Linearity of the Function V $ with Time, between 
t L and f,, following the Injection of Diodone m Amounts adequate for 
the Measurement of C D 


The procedure is similar to that described for mulin ( loc at ) 
Equation (3) may be solved for K' by substituting an experimentally 
determined value for P, i e P t at time t u and using (1) values of q 
calculated from hne V n =p + qt, between the pomts t 1; ( V I) ) 1 and t 2 , (V D ) 2 , 
and (2) the value of C D ' obtained by the use of formula (4) Employing 
this calculated value for K', values of P at varying values of t are obtamed. 
The extent to which these derived values of P differ from those given 
by the graph constructed on the basis of experimentally determined 
values, is a measure of the error involved in the use of formulse (3) and 


D h 


(4), tern the assumption that the funotion V D is linear between 


the time-hmits selected 


The Determination of the Maximal Tubular Excretory Capacity for 
Diodone Employing Formula (9) 

Between the times t 1 and t % stated for each case, and approximately 
20 and 120 minutes respectively after the injection of diodone m amounts 
sufficient to saturate the tubules, the function V B is again assumed to be 
linearly related to time The times t 1 and t 2 correspond to the times of 
unne collection, and values of the function V D at these times were 
obtamed by the method already described Values of P x and P 2 were 
derived from the plasma diodone iodine-time curve They were 
expressed m mg /100 ml plasma water The constants of the hne 
V s = l + mt, between the pomts t lt (Fd)i and t 2 , {V D ) 2 , were calculated for 
each case Introducing the values for m, P x and P,, (V D ) r and {V B ) 2 , and 
for C {FW-C in ), into formula (9), a value for Tm D was derived for eaoh 
case If the values for V D are expressed m hundreds of ml , the values 
for P t and P, m mg /100 ml plasma water and the value for C' m 
hundreds ml /minute, values for Tmj, tire obtamed directly m terms of 
mg per min ute 
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The Determination , by the Use of Formula (S), of the Error miohed m 
the Assumption of Linearity in the Function V D between the Times 
h and L, following (he Injection of Diodone in Amounts Sufficient to 
Effect Tubular Saturation 


Equation (S) may be solved for K by substituting experimentally 
determined values for P x and P 2 at times t x and t,, and using (1) values 
of m calculated from the lrne V D =1 + mt, between the pomts t u (F^ and 
t v (Vn°), (2) the values of Tm D obtamed by the use of formula (S), and 
(3) a value for C' obtained from an estimation of the renal clearance of 
lnulm Employing this calculated value for K , values for P at varying 
values of t are obtamed The extent to which these derived values of P 
differ from those given by the graph constructed on the basis of experi- 
mentally determined values, is a measure of the error introduced m the 


use of formula (8) by the assumption that the function V D ~~ is linear 


between the limits of time selected 


Results II 


Table III presents the average experimental plasma clearance of 
ln nlin for thirteen subjects, the values ranging from 51 to 1 12 ml /minute, 
and compares them with values derived by the application of tho 
formula for mulin clearance described by the authors ( loc cit ) 


Table HI — Comparison of Values for the Ren\l Clearance of Inulin 
Experimentally Determined with those Calculated accord in o to the 
Method of the Authors [1949] 


Subject 


1 MR* 

2 JS 

3 W.R 
■1 MJ* 
5 IV H* 
0 RD 

7 MM* 

8 CB 

9 GAL 

10 Mi 

11 J i 

12 BJ 

13 JP 

14 BJD 


Experimental plasma 
clearance, ml /mm 
Average of 3-0 periods 

90 

112 

81 

92 

05 

79 

57 

78 

70 

43 

05 

47 

51 


Calculated plasma 
clearance, nil /nun 

88 


80 

89 

05 

81 

50 

80 

77 

10 

00 

48 

52 


* Reported previously [1049] 


The difference between the value for clearance calculated 
average value obtamed from 3 to o short clearance penods 


and tho 
in nhich 
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urrne was collected by catheter approximately every 20 minutes, is 
never more than + 3 ml /minute 

Table TV presents the results of the experimentally determined 
renal plasma clearances of diodone The results of the individual 
clearance periods and the average for the senes are shown m each case 
The average plasma clearance ranges from 170 to 558 ml /minute 


Table IV — Experimentally Determined Values for the 
Plasma. Renal Clearance of Diodone 



Experimental clearance at 

Average experimental 

Subject 

each clearance period, 

clearance, 


ml j min 

ml /min 

1 MR 

462 



400 



402 

418 

2 JS 

880 



614 



479 

568 

3 WR 

672 



486 



442 

500 

4 MF 

361 



297 



291 



284 

306 

6 WH 

463 



419 

441 

6 RD 

306 



260 

278 

7 M.M 

228 



212 

220 

8 CB 

200 



166 

183 

0 GM 

430 



317 

374 

10 ML 

270 



398 

334 

11 JD 

176 



186 

180 

12 BJ 

303 



260 

282 

13 JP 

181 



153 



132 

165 

14 BD 

170 



170 

170 
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The experimentally determined values for Tm D are shown m Table V 
The values for individual clearance periods and the average for the 
series are shown for each subject The average values range from 4 7 
to 36 3 mg diodone iodine per minute 

The values for the plasma clearance of diodone employing formula (4) 
are shown in Table VI The hunts of time, t x and L, between wluch 
V D was assumed to be linear with time, are recorded, as are the values 
for (Vd)x and (Fp^at those times, and the constants of the line Vjj=p+qt 
The table includes plasma water diodone iodine levels, P x and P„, 
derived from the plasma diodone iodine-time curve drawn through 
experimentally determined points The values for C D ', derived by the 
use of the formula, are given, and the results of the conversion of C D ' to 
actual values of plasma clearance For convenience in comparison, 
the averages of the experimentally determmed values (Table IV) for 
plasma clearance for the subjects are shown, in brackets, in column 7 
after the corresponding calculated value The mean percentage 
difference between the two senes of results for plasma clearance is 
- 3 6, with a standard deviation of + 3 9 

Table VH presents the results for Tm D , calculated by formula (9) 
The limits of time, t x and t 2 , between which V D was assumed to bo 
linear with time are shown, as are the values for (V J} ) 1 and (V n ) 3 at these 
times, and the constants of the line V D ~l + mt Values for C’(F]V 2 C in ) 
are given, and the plasma water concentrations, P x and P 2 , at times i x 
and to, respectively Column 7 includes the calculated values for T)n D 
and the corresponding average value for Tm D , determmed by the direct 
experimental method The correspondence between the two values is 
excellent The maximum difference between the two series of results 
is 1 6 mg diodone iodine per minute (5 per cent of the experimental 


value) 

Results obtained m calculating plasma-diodone concentrations by 
the use of formulae (3) and (8) are shown m Tables VIII and IX respec- 
tively Values of plasma water diodone iodine in mg /100 ml following 
the injection of diodone for C D determinations, taken from curves 
constructed through values experimentally determined, at about 
twenty-minute intervals, are compared with values for plasma water 
diodone iodine calculated by the use of formula (3) The differences 
between the results, A, are given In each case, the time when tlio 
formula was fitted is indicated In no caso is tho deviation of tho 
calculated from the experimental value greater than 0 1 mg /100 ml 
plasma water, and in several cases there is complete correspondence 

between the values 

T Table IX a similar comparison is made for the high plasma water 
, j roncentrations utilised for determination of Tm D , using 

diodone .otoo WM BUed t „ tho diodono time ounce 

pprosamately 20 to 30 minutes after injection, tho exact time being 
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Table V — Expebdieiitally Detebiuned Values bob 
Tubular Excretory Capacity bob Diodone 


Subject 

1 1LR 

2 JS 

6 WJE 

6 RJD 

7 MM 

8 CB 

9 GJkl 

10 ML 

11 J.D 

12 BJ 

13 JP 

14 BJ) 


Experimental Tmn 
at each clearance 
period, 

mg diodone iodine /minute 

33 3 

34 0 

38 0 

39 7 

35 8 

27 2 
31 4 
34 7 

31 2 
24 6 

36 7 

28 0 

32 6 
24 7 
30 9 

23 5 

24 6 

23 9 
22 6 

25 7 

24 7 
28 0 

20 4 

23 6 
19 6 

21 8 

19 3 

20 1 

24 9 
23 2 
23 4 
21 0 
18 6 
17 4 
16 0 
19 3 
19 2 
19 6 

12 7 
16 1 
15 0 
14 1 

13 6 
10 6 
11 0 
10 2 

9 3 
9 1 
5 1 
3 7 
3 0 
24 


Experimental Tmn 
Average 

mg diodone lodme/minuto 


36 3 

31 1 

29 1 

25 1 

247 

21 7 

21 9 

19 3 

19 4 

14 I 

10 4 

4 7 



g (log P i - log P,) 

Tabus VI — Calculation of Plasma Diodone Cleahanoe Ud = -j— ~tegjvi). 
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For convenience in comparison, the average values for the experimentally determined clearances, corresponding to the values 

obtained by use of the formula, are shown m brackets in column 7 
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noted m each case At times later than 20 to 30 minutes after injection, 
the differences between the two series of values were never greater 
than +4 7 mg /100 ml plasma water, and were usually muoh less 
At times earlier than 20 minutes after injection, the maximum difference 
reached 16 mg /100 ml plasma water The limits of error m the 
chemical determination of diodone m plasma w ere found to he +5 per 
cent (P = 0 99) 


Table VIII — Comparison of Values of the Percentage Concentration of 
Diodone Iodine in Plasma Water derived from the best Curve drawn 
though Experime nt, * t.t.v Determined Points with those Calculated 


according to the Formula 


(Cn+S) 


P =K'Vd~ 


The Amount of Diodone injected in all Cases was adequate to establish 
Plasma Concentrations Suitable for Measurements of Renal Plasma- 
flow 


Subject 
I MU 

Experimental 

Calculated 


2 JS 


Experimental 

Calculated 


3 W.R 

Experimental 

Calculated 


4 MJF 

Experimental 

Calculated 


5 W.H. 

Experimental 

Calculated 


0 R.D 

Experimental 

Calculated 


7 


8 


CB 

Experimental 

Calculated 


M-M 

Experimental 

Calculated 


t 

20 (/) 

40 

00 

SO 

p 

5 1 

20 

1 0 

1 0 

p 

5 1 

2 5 

1 5 

1 0 

A 

0 

- 01 

- 0 1 

0 

t 

22 (/) 

33 

54 

71 

P 

3 7 

23 

1 0 

1 2 

P 

3 7 

24 

1 7 

1 2 

A 

0 

+ 01 

+ 0 1 

0 

t 

38 (/ ) 

54 

70 


P 

2 3 

1 0 

1 2 


P 

2 3 

1 0 

1 2 


A 

0 

0 

0 


t 

3 5(f) 

54 

75 

95 

P 

fl 2 

4 I 

2 7 

2 0 

P 

02 

4 0 

2 7 

20 

A 

0 

- 0 1 

0 

0 

t 

21 (/} 

41 

00 


P 

6 0 

2 8 

1 0 


P 

00 

2 8 

1 0 


A 

0 

0 

0 


t 

23(f) 

42 

02 


P 

4 3 

2 0 

1 0 


P 

42 

2 7 

1 9 


A 

0 

+ 01 

0 


t 

18 (/ ) 

38 

58 


P 

4 8 

2 7 

1 8 


P 

48 

2 S 

1 8 


A 

0 

+ 01 

0 


t 

21 (/ ) 

43 

03 


P 

50 

33 

2 1 


P 

5 0 

3 2 

2 l 


A 

0 

- 0 1 

0 



120 
1 4 
1 4 
0 
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Table VJLil — Continued 


GJSI 

t 

22(f) 

Experimental 

P 

5 8 

Calculated 

P 

68 


A 

0 

ILL 

t 

21(f) 

Experimental 

P 

4 7 

Calculated 

P 

47 


A 

0 

JD 

t 

22(f) 

Experimental 

P 

57 

Calculated 

P 

5 7 


A 

0 

B J 

t 

20(f) 

Experimental 

P 

8 2 

Calculated 

P 

82 


A 

0 

JP 

t 

21(f) 

Experimental 

P 

7 2 

Calculated 

P 

72 


A 

0 

BJ) 

t 

22(f) 

Experimental 

P 

48 

Calculated 

P 

48 


A 

0 


41 

62 


33 

2 1 


3 4 

2 1 


+ 01 

0 


41 

60 


2 7 

1 7 


2 6 

1 7 


- 01 

0 


40 

55 


43 

3 5 


43 

3 5 


0 

0 


40 

61 


44 

2 7 


4 5 

2 7 


+ 01 

0 


41 

61 

81 

48 

34 

26 

4 9 

3 5 

26 

+ 01 

+ 0 1 

0 

42 

61 


3 0 

2 1 


3 1 

2 1 


+ 01 

0 



t =minutes following injection. 

Experimental and calculated P —mg diodone iodone/100 ml plasma water 
A mdicato the difference between the experimental and calculated P 
(j) indicates the time on the plasma diodone iodine tune curve where the 
formula i3 fitted 


Table IX — Comparison of Values of the Percentage Concentration of 
Diodone Iodine in Plasma Wateb derived fbom the best Cubve dbawn 

TBBOUGH EsPEUUffiNTAlLy DETERMINED POINTS WITH THOSE CALCULATED 
AOGOBDINO TO THE FORMULA 

K Vn m -Tmjj 
F ~ G'+m 

The Amount of Diodone injected in all Cases was sufficient to main- 
tain Tubular Saturation fob the Duration of the Bxpekiment 

Subject 


MR 

t 

10 

20(f) 

40 

60 

80 

100 

120 

Experimental 

P 

95 7 

85 1 

67 0 

52 7 

41 8 

33 0 

20 1 

Calculated 

P 

97 9 

85 1 

66 0 

61 7 

41 1 

32 8 

26 1 


A 

+ 2 2 

0 

- 10 

- 1 0 

- 07 

- 0 2 

0 

JS 

t 

20 

22(f) 

65 

80 

96 



Experimental 

P 

04 5 

60 0 

34 8 

25 2 

21 3 



Calculated 

P 

69 7 

60 0 

36 S 

26 1 

21 3 




A 

- 4 8 

0 

+ 20 

+ 09 

0 
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Table IX — Continued 


6 

W.H 

t 

10 

2 4(/> 

44 

63 

S4 

105 

125 


Experimental 

P 


97 8 

70 9 

55 0 

43 4 

36 5 

2S5 


Calculated 

P 

119 2 

97 8 

74 3 

69 1 

45 7 

36 1 

28 5 



A 


0 

+ 34 

+ 32 

+ 22 

+ 0 0 

0 

6 

BD 

t 

17 

2.7(f) 

45 

65 

86 

105 

125 


Experimental 

P 

76 0 

62 2 

49 1 

39 4 

31 9 

26 6 

21 S 


Calculated 

P 

70 0 

62 2 

612 

41 6 

33 1 

27 0 

21 8 



A 

- 60 

0 

+ 21 

+ 22 

+ 12 

+ 04 

0 

7 

JOL 

t 

10 

28 ( / ) 

49 

68 

88 

10$ 



Experimental 

P 

89 1 

56 4 

39 2 

30 3 

23 4 

18 6 



Calculated 

P 

73 1 

56 4 

41 6 

32 2 

24 5 

18 6 




A 

- 16 0 

0 

+ 24 

+ 19 

+ 1 1 

0 


8 

CB 

t 

15 

25 (/) 

44 

64 

84 

104 



Experimental 

P 

92 0 

76 1 

57 4 

43 6 

34 0 

27 7 



Calculated 

P 

87 6 

76 1 

57 6 

44 6 

35 0 

27 7 




A 

- 44 

0 

+ 02 

+ 10 

+ 10 

0 


9 

GJVI 

t 

20 

30 (/) 

49 

89 

89 

109 



Experimental 

P 

97 8 

79 0 

60 5 

47 8 

40 5 

34 2 



Calculated 

P 

89 6 

79 0 

63 4 

61 4 

41 6 

34 2 




A 

- 93 

0 

+ 20 

+ 36 

+ 1 1 

0 


10 

MX 

t 

15 

25 (/) 

46 

67 

80 

106 

128 


Experimental 

P 

107 7 

91 4 

68 8 

55 9 

47 3 

40 3 

34 4 


Calculated 

P 

100 5 

91 4 

73 4 

60 0 

50 3 

41 9 

34 4 



A 

- 7 2 

0 

+ 46 

+ 47 

+ 30 

+ 1 6 

0 

11 

JD 

t 

10 

22(f) 

32 

43 

87 




Experimental 

P 

39 8 

33 5 

30 3 

27 9 

20 0 




Calculated 

P 

37 0 

33 5 

30 7 

28 2 

20 0 





A 

- 28 

0 

+ 04 

+ 03 

0 



12 

B J 

t 


29 (/) 

40 

69 

88 

109 

129 


Experimental 

P 


76 8 

58 0 

48 4 

41 1 

34 7 

29 4 


Calculated 

P 


76 8 

63 2 

52 4 

43 7 

35 8 

29 4 



A 


0 

+ 43 

+ 40 

+ 20 

+ 1 1 

0 

13 

JP 

t 

19 

29 ( / ) 

51 

71 

92 

114 



Experimental 

P 

106 0 

94 6 

76 3 

64 5 

54 8 

48 4 



Calculated 

P 

105 7 

04 0 

78 0 

07 3 

50 8 

IS 4 




A 

- 03 

0 

+ 23 

+ 28 

+ 20 

0 



14 BX> t 

Experimental r 
Calculated P 

A 


10 

26 (/} 

40 

65 

107 0 

80 8 

GO 3 

67 

94 2 

SO 8 

71 0 

Gl 

12 8 

0 

+ 47 

+ 4 


80 100 120 

0 49 2 41 0 40 0 

3 52 9 15 9 10 0 

3+37+19 0 


Experimental and calculated P =mg diodone iodwo/100 ml plasma water 
rates the diSerence between tho experimental and calculated P 
(/) indicates the time on tho plasma diodono iodine time cun, o w hero tho formula 

fitted 
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Discussion 

The authors have recently described a method [1949] by which an 
accurate estimation of the renal clearance of inulin could be obtained 
from the falling plasma lnulin-time curve following a single injection 
and involving the collection of urine approximately 30 and 120 minutes 
following mjeotion The advantages of the method consist of a very 
large degree of technical simplification, and abolition of the need to 
approximate, by direct experiment, the instantaneous rate of inulin 
excretion m the urine The applicability of the principles of the method 
to the determination of the renal clearance of diodone and the maximal 
tubular excretory power for diodone has now been demonstrated 
By taking cognisance of the volumes of distribution at two times follow- 
ing the injection of didone and assuming a linear relationship between 
the volumes of distribution and time, results for both determinations 
have been obtained which closely correspond to the average values of 
determinations for short clearance periods, folio wmg the intravenous 
injection of diodone The degree of error introduced by the one 
assumption which is made may be expressed in terms of the ability to 
predict the plasma levels of diodone, employing formula} (3) and (8), and 
it has been shown that the prediction is accurate within the limits of 
error of the chemical determination of diodone iodine in the plasma 
The assumption is also justified in the sense that the linear relationship 
imposed is merely the graphical expression of the average rate of change 
of F* between the limits of time selected 

Dor the purpose of comparing the two methods, urine was colleoted 
at intervals of approximately 20 minutes from all subjects, but this 
procedure is unnecessary for the practical application of the fornmbe 
To determine either the Tm D or the renal clearance of mulin, the interval 
between the urine collections can be extended to about 90 minutes so 
that spontaneous passage of urine may be allowed As a result of this, 
errors of collection are reduced to insi gnificance m the vast majority 
of subjects The stated need to maintain the plasma levels of diodone, 
for measurements of C D , between the limits of 0 5 and 5 mg / 100 ml 
plasma [Smith e£ al , 1938], tends to limit the interval between the times 
of urine collection when the diodone is injected intravenously In the 
experiments described, this period has been approximately 40 minutes 
Whether this limitation is really necessary depends upon, inter alia, a 
reconsideration of the influence of the plasma level of diodone upon its 
renal clearance, especially between 5 and 10 mg diodone iodme/100 ml 

Two values of the volume of distribution of the injected substance 
having been determined, a knowledge of the plasma levels of the 
substance at these times completes the experimental data required for 
calculating the value of C D ' In the determination of values for Tm a , 
estimations of the rate of glomerular filtration by measurements of 
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muhn clearance are also necessary In the subjects studied here, 
measurements of inulin clearance have been made simultaneously 
with measurements of the renal clearance of diodone, one injection 
bemg given immediately after the other It is possible to give the 
muhn injection m association with diodone m amounts sufficient to 
measure Tm though it is clear that measurements of 0 D and Tnij, may 
not be made simultaneously It is convement m routme estimations 
to combme measurements of muhn clearance and tubular excretory 
capacity, and to perform an independent estimation of the renal clear- 
ance of diodone either immediately pnor to this procedure or on a 
subsequent day 

In the estimation of the clearance of diodone and mulm and the 
tubular excretory capacity for diodone, the values for plasma concen- 
tration have been obtained by sampling venous blood This practice 
necessarily introduces some error, whatever techmque is used, since the 
kidney is supplied with artenal blood The error, the magnitude of 
which depends on the arteno-venous difference, is likely to be larger m 
all smgle injection methods than m those employing continuous infusion, 
because, in the former, this difference is determined by the ratio between 
the renal clearance and the cardiac output [Brun, Hilden and Raasohou, 
1949] On this basis, it appears that the arterio-venous difference 
is small enough to bo ignored m estimations of the renal clearance of 
mulm and the maximum tubular excretory capaoity for diodone follow - 
mg smgle injections of these substances, since m normal people tho total 
amounts of muhn or diodone oleared in ono circulation are contained 
m volumes of blood approximately 4 and 8 per cent of tho cardiac 
output respectively In renal disease, where there is a disproportionate 
reduction in renal blood-flow as compared with cardiao output, the 
arteno-venous difference will tend to be less 


In one adult subject (mulm clearance 91 ml plasnm/mmuto, Tm D 
41 7 mg diodone lodme/nnnute) in whom estimations of plasma muhn 
and diodone were made on samples of arterial and venous blood eight 


times following a smgle intravenous injection of muhn and diodone, the 
authors found the mean arteno-venous difference of mulm to bo 3 per 
cent and of diodone to be 8 per cent The error m muhn clearance m 
usum venous blood is represented by the mean arteno-venous difforonco, 
t e 3 per cent in this subject In the case of Tm D , lion over, the orror 
introduced by the use of venous blood instead of artenal blood is less 
than that represented by the arteno-venous difference, i e 8 per cent 
in this subject This follows from the fact that tho term C in P D in tho 
basic Tm formula includes an underestimate of C in (3 per cent ) and 
an overestimate of P D (8 per cent) When, howoier, a single mtra- 
miection of diodone is given for tho purpose of estabhshing low 
venous J diodon0 suitable for tho estimation of the effective 

renffi plasma flow, and venous blood is analysed, tho error in the dear- 
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ance of diodone is likely to be of the order of 20 per cent m normal 
persons, since the renal blood-flow approximates to one-fifth of the 
cardiac output For cluneal purposes this is no real disadvantage, but 
a more precise knowledge of the effective renal plasma-flow demands 
analysis of arterial blood samples Two such samples having been 
obtained, the method described by the authors can be applied 

The estimation of the renal clearance of diodone at low plasma 
levels suffers from the further disadvantage that the plasma level 
must be kept within the range of 0 5 to 5 mg / 100 ml [Smith el al , 1938] 
The maintenance of constancy in the plasma level is a matter of great 
technical difficulty when infusion is employed, and, with the authors’ 
technique, it tends to limi t the interval between the times of urrne 
collection to approximately 40 mmutes In addition, the rapidity of 
the fall of the plasma-diodone concentration after a single injection 
exaggerates errors due to the uncertainty of the duration of the interval 
between the production of urine in the renal tubules and its arrival in 
the bladder It is clear that a closer definition of this time interval 
and of the arteno-venous difference following the intravenous injection 
of diodone is necessary for estimations of the renal clearance of diodone, 
employing the single injection method, to acquire greater precision than 
that required in ohnical work 

The physiological and cluneal value of lnulrn and diodone clearances 
is largely dependent upon the validity of the claims that these clear- 
ances represent the glomerular filtration rate and the renal plasma- 
flow respectively It is proposed to investigate these claims m 
subsequent publications It is relevant to the present discussion, 
however, to suggest that the adoption of other compounds for the 
evaluation of these renal processes-, such as the substitution of para- 
acetyl-amino hippunc acid for diodone [Newman, Kattus, German, 
Genest, Calkins and Murphy, 1949], does not affect the validity of the 
theoretical principles applied by the authors to inulin and diodone 
The same principles are equally apphcable to any compounds which may 
replace them, and which will, ex hypothesi, approximate even more 
closely to the ideal behaviour 


STJMilABY 

1 The principles devised by the authors [1949] for the determination 
of the renal clearance of mulin havq been apphed to the determination 
of the renal clearance of diodone and the tubular excretory capacity for 
diodone 

2 hollowing the intravenous injection of diodone m amounts 
suitable for the measurement of both renal olearance and tubular 
excretory capacity, the volume of distribution of diodone continues to 
increase for the duration of the experiments It is concluded that 
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equilibration of diodone between tie plasma and tie extra vascular 
component of tie volume of distribution does not occur under the 
conditions of tie experiment 

3 Formula are derived for tie renal clearance of diodone and the 
maximal tubular excretory capacity for diodone incorporating functions, 
wiici are demanded by tie failure of tie establishment of equihbration 

4 The formula for the renal clearance of diodone is appied to 
fourteen subjects possessing widely different clearance values, and tie 
formula for tie maximal tubular excretory capacity for diodone is 
appied to twelve of these subjects Tie values calculated by tie 
formulae agree closely in every case with tie average values experi- 
mentally determined, following intravenous injections of diodone 

5 Tie calculative errors introduced into tie formulae by tie simpi- 
j Eying assumption that tie volume of distribution of diodone is inearly 
related to time, between defined hunts of time, are shown, to be of similar 
magnitude to the hunts of tie error in tie chemical determination of 
diodone m tie plasma 

6 Tie formulas can be appied without the need for accurate urine 
collection over short clearance periods They necessitate the passage 
of urine approximately 25 and 120 minutes (for tie maximal tubular 
excretory capacity for diodone) and 20 and 60 minutes (for the renal 
clearance of diodone) after tie injection of known amounts of diodone, 
and a minimum of two blood samples for each determination taken at the 
time of urine passage 

7 The errors introduced in tie determinations of inuin and diodono 
clearance and tie maximal tubular excretory capacity for diodono by 
sampling venous blood are discussed briefly 

8 Tie results of a further five estimations of inuin clearance 
employing the authors’ method (loc at ), and their comparison with 
average values experimentally determined, are also included 
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OME OBSERVATIONS ON THE BRONCHOCONSTRICTOR 
EEEECTS OE TUB 0 CU R ARINE By M Mahpouz From 
the Department of Pharmacology, University of Edinburgh 

(Received for publication 21si July 1940 ) 

Che occurrence of bronchospasm was reported by West [1936] to 
Maw tL injection of curanne in some cases of Parkinsoruan ngidfftf 
[t was beheved that this effect was due to the presence of an imp unty 
lontammatmg the sample used Several clinical reports continued to 
mention the occurrence of an undesirable and dangerous side . reaction 
with a sudden onset, following upon the administration of curare 
preparations [Cullen, 1944, Harvey and Masland, 1941] The reaction 
was described as respiratory difficulty accompanied by cyanosis 
Increased resistance to inflation of the lungs by manua compressi 
the breathing-bag has been reported by Whitaore and Fisher [19 ], 

and by Holaday [1946], to occur in some anesthetized patients given 
mtocostnn This respiratory spasm was observed to be reheved by 
another injection of the drug In reports on ammal experiments a 
reaction to ourare administration, similar to that occurring in man, has 
been described Cole [1946] reported the development of cyanosis m 
dogs following the administration of mtocostrin, espite vigorous 
artificial respiration through an endotracheal tube, an e a u e 
this condition to bronchospasm 

Since Alam, Anxep, Barsoum, Talaat and Weminger [1939] demon- 
strated the release of histamine as a result of curarme injection, 
evidence has been accumulating of the occurrence of histamine reactions 
following the injection of the most purified preparations, mtocostnn 
and tubocurarme Comroe and Dnpps [1946] showed that certam 
vascular effeots of mtocostnn m man, i e the wheal-and-flare response, 
were s imil ar to hista min e reactions Grob, Harvey and Lihenthal [1947], 
reported si mil ar reactions with d-tubo curarme ohlonde Feldberg and 
Holmes [1941] reported that the injection of curarme, like that of 
histamine, caused gastnc seoretion of free HC1 Landmesser [1947] 
has recently shown that bronchoconstnction occurred m spinal dogs 
as a result of the injection of d-tubo curarme chlonde, and that that was 
due to the hista min e liberated He used the Drinker-Murphy infant 
resuBoitator adapted to record bronohial calibre by the plethysmographic 
method of Jackson 

Results s imil ar to those of Landmesser were obtained here using 
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spinal guinea-pigs with open chests These animals were chosen as 
they have been shown to be most susceptible to the action of tubo- 
ouranne, and if the bronchoconstnctor properties of this drug are duo 
to the liberation of histamine, the effects of this substance may bo 
more easily reflected in the guinea-pig’s bronchi 


Methods 


A Recording of Bronchoconstriction 


' Decerebrate guinea-pigs of both sexes, weighing 500-650 g , were 
used The animal was anesthetized with ethyl ether and a tracheal 
cannula, with a side tube, introduced into the trachea, and the 
anaesthesia continued through a Wolff’s bottle, until the bram was 
destroyed Then artificial respiration was started by means of a pump 
attached to the trachea The chest cavity was opened by severing the 
junction between the xyphoid process and the body of the sternum, 
then cutting the latter upwards in the middle line for about 2-2} mches 
from its lower margin The two edges of the chest wall were fixed 
moderately apart by rigid clamps The opening thus made in the chest 
was well covered by warm, moist gauze The side tube in the tracheal 
cannula was then connected by pressure tubing to a recording tambour, 
moving a lever which amplified its movements about 20 times and 
recorded them on a smoked dram A sensitive tambour of about 
mches diameter covered with thm rubber was used The air 
dehvered by the pump is distributed between the bronoln and the 
tambour, and the state of balance recorded by the lever on the drum 
Constriction m the bronchial calibre results in deflection of incoming 
air to the tambour, causing an increase in the amplitude of the record 
- Better records were obtained with the chest opened than when it was 


closed 

The drugs were injected intravenously through a cannula connected 
to a superficial neck vein Tubocurarine was used m doses of 0 03 mg 
mice saline per kg body- weight, histamine as 0 01 mg of the base 
mice saline per kg body-weight, unless otherwise mentioned Tor 
protection with neoantergan, this drug was given m doses of 1 mg per kg 
(ineouslv 1-1 hour before the operation, and for the treatment 
of an attack it was given as 0 1-0 2 mg in 1 c c saline per kg body- 
weiuht iv All i v injections were given rapidly (i e m 2-3 seo ) 
unless ’otherwise indicated The slow intravenous infusion of tubo- 
enranne was controlled by a capillary glass tube m the top end of a 
fnll burette whose outflow end was connected to the i enous cannula 
rm,. J-..- W as infused at the rate shown by the air-bubbles leaving the 

The drag was mms and ^ ^ ^ so t]mfc tho 

& over » pend of 1 — or . W »oro 
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B Inhalation of Tuboourarine 

For fclus purpose a Collison spray atomiser was used with, a small 
container for the drug 

The cloud was produced by passing a continuous stream of com- 
pressed air into the aqueous solution m the container The air was 
delivered from a compressed air cylinder at a pressure of 20 lb per 
square moh and maintained constant by an adjusting screw The 
cloud was then taken by a ourved glass tube to just below the centre of 
a wire-mesh platform fitted horizontally inside a large glasB desiccator 
The upper part of the desiccator was divided by a vertical wire-mesh 
screen into two compartments of equal size each holding one animal 
The cloud escaped by a tube fitted into a hole drilled in the centre of 
the desiccator dome The output of the atomizer was about 10 litres 
of air and 0 7 o o of watery solution per minute Tuboourarine was 
used as 3 per cent watery solution Two guinea-pigs of the same sex 
and weight were used at a time, one m each compartment of the animal 
chamber One of the animals usually received a subcutaneous injection 
of 1 mg per kg body-weight neoantergan £-1 hour before starting the 
spray The duration of spraying was 16-20 minutes 

Results 

A Intravenous Injection 

The intravenous mjeotion of tubocurarme m the unprotected 
animal caused bronohoconstnotion, reaching its maximum in about 
half a minute and passing off gradually m about 4 minutes A second 
intravenous dose of the drug about 6 minutes after the first was then 
without any effect 

The subsequent injection of histamine, however, produced a broncho- 
spasm, reaching its maximum also m about half a minute, but lasting 
longer than the response to tubocurarme Larger initial doses of 
tubocurarme did not appreciably increase the degree of constriction 
-the refractoriness of the ammal to a second dose of tubocurarme, the 
effects of the first dose having passed off, was still there, even when 
his second dose was greater than the first and given after a long 
interval Fig 

1 is an example of such effeots produced m a guinea-pig 
weighing 560 g Of 18 guinea-pigs, however, 7 failed to respond to the 
first rapid injection of tubocurarme, though not to histamine 

In experiments on 7 further guinea-pigs, the animals were protected 
. 1 hour before the operation by the subcutaneous injection of neo- 
antergan 1 mg per kg body-weight In these cases the rapid mjeotion 
g tnbocuranne did not preoipitate an attack of bronchoconstnotion 
mce bronchoconstnotion did not mvanably occur m unprotected 
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guinea-pigs, a sangle observation of this kind 'would mean little Out 
of IS unprotected guinea-pigs 11 responded, and out of 7 protected 
guinea-pigs none responded Calculation supports the view that this 
difference of result is significant The effect of neoantergan is illus- 
trated in fig 2 In this case tubocurarino was rapidly injected fully 
60 minutes after the animal bad received its subcutaneous protection 
Ho constriction resulted When the histamine injection followed half 
an hom later a very slight transient effect w as seen 

When the dose of tubocurarme was injected slowly in the un- 
protected ammal, over a period of one minute or more, no broncho- 
constnction occurred After the slow intravenous infusion, a doso of 
the drug injected rapidly produced the usual bronchoconstrictor effects 
Then when a second rapid injection of the drug was given, after the 
effects of the first dose had passed off, the ammal showed again the 
usual refractoriness, but was not refractory to the injection of histamine 
that followed Pig 3 is an example of such an experiment 

In another series of experiments it was decided not to give any 
degree of protection to the animals beforehand, but to develop xn them 
an attack of tubocurarme bronchoconstnction, and then see how far 
such an attack could be modified by the administration of neoantergan 
at various stages of its development Pig 4 shows the production of 
suoh an attack by the rapid intravenous administration of tubocurarino 
When the attack was at its peak, the rapid injection of neoantergan 
apparently relieved it and restored the bronchial calibre to some degree 
About one hour later the effects of the antihistamine seemed to have 
weakened, and when a large dose of histamine was given, this caused a 
bronchoconstnction, which was again effectively treated at its peak by 
intravenous neoantergan The first part of this curve shows that the 
slow injection of tuboouranne had no effect on the bronchi 

When an attack was left to pass its peak and get fully devoloped, 
the neoantergan treatment seemed to relievo it to some degreo Pig 5 
is an example of such responses If an attack was dealt with early 
enough by the prompt administration of neoantergan, its full develop- 
ment was apparently suppressed 


B Inhalation 


In the inhalation experuuents, guinea-pigs were exposed to an aorosol 
of acueous solution of tubocurarme with and without preliminary 
Protection by neoantergan The inhalation was meant to obviate, 
+ durum the early part of the experiment, tlio general 

at , 1 e dnm m order to get the effect of its direct application 

ZZhe bronchial system of the hvmg annual Ho signs of broncho- 
upon LU observed in any of the animals upon such an 

ooostnc io they had or had not been protected beforehand 




Fia 1 Fig 2 


Fio 1 — Bronchoconstnetion in guinea pig (550 g ) following the rapid ultra 
venous injection of tuborcurorine, with refractoriness of the animal to a second 

injection 

TR tubocuranne injected rapidly (10 6 pg ) TR, tuboeuranne (06 pg ) 
similarly injected 90 minutes later H histamine (5 6 pg ) 

Fia 2 — Prevention of tubocurarme bronchoconstnetion in guinea pig (520 g ) 
by previous protection with neoantergan 

N P normal record of an ununal protected with neoantergan (1 mg /kg ) sub 
cutaneoualy 1 hour previously T R tubocurarme (60 pg ) wjectod rapidly 
H histamine (30 pg ) 



Fio 3 — Prevention of tubocurarme bronchoconstnetion in guinea pig (500 g ) 
by the slow intravenous administration of the drug 
normal T S tubocurarme (225 pg ) injected slowly at a rate of 15 pg /min 
TR tubocurarme (15 pg ) injected rapidly T R 1 same dose similarly injected 
7 minutes later H histamine (6 pg ) Guinea pig (500 g ) 
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Fig 4 — Interruption of an attack of bronclioconstrietion (at its peak) 
caused by tubocuranno in the guinea pig (301) g ) bj the prompt mtruvenous 
administration of neonntergun 

TS tubocuranno (150 //g ) infused slovvlj o\er a penod of 10 minutes 1 R 
tubocuranne (13 /ig ) injected rapidlj Is G neounterganO 1 mg H histamine 
(70 /ig ) gisen 1 hour after T R 



Flo 

caused 

T R 
T.R x 


3 Interruption of an attack of broncliucunstru non (fully developed) 

b\ tubocuranno in tlio guinea pi 0 (000 „ ) lie tin intravenous ndimius 
tratiou of neountergun 


tubocuranno (IS fig) injected mpidlv Nl 
tubocuranno (SO fig ) injected rupi.ll> II 
hulf oil hour afttr 1 K 


in oantcn,un U 1 2 
liLStummu (10 jty, ) 
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mth neoantergan At the end of the penod of spray, however, the 
animals exhibited some signs of the general action of the drug m the 
form of a moderate degree of paralysis, from which they recovered in 
about 7-10 minutes 

When these guinea-pigs were exposed the following day to an 
aerosol of an aqueous solution of 3 per cent histamine base, after giving 
a fresh protective mjeotion to the control, the unprotected guinea-pig 
showed the usual signs of severe histamine bronchospasm, which 
sometimes resulted m loss of the animal In the control animals 
protection was complete 

C Experiments on the Conscious Huinan Subject 

I Here experiments were conducted on a 75 kg healthy medical 
ma,ri (self), not undergoing operation and with no concurrent patho- 
logical history The drug, tubanne “B W was injected in a small 
smgle dose of 7 6 mg slowly intravenously over a period of two minutes 
One minute after the beg innin g of the injection, after about 3 5 mg 
had been injected, there were definite myasthemo symptoms and 
descending paralysis involving the eyehds, face, neck muscles and the 
extremities The movements of the eyes became sluggish and the gaze 
tended to be fixed There was also some heaviness of the tongue, with 
difficulty of speeoh 

Although these symptoms were increasing m severity and towards 
the end of the injection were actually alarming, no respiratory difficulty 
was felt 

II On a later occasion 15 mg of tubanne “Bff ” was mjected 
mto the same subject rapidly intravenously m a few seconds A means 
of communication had been established beforehand between the subject 
and the operators, since paralysis of the tongue muscles was almost 
certainly expected For a period of not less than half a minute after 
the mjeotion muscular power was almost full and no symptoms were 
at all experienced, then the subject was suddenly caught by a severe 
asthmatic attack At this stage muscular power was apparently still 
present, because the subject was able to move his arm, pointing with 
his palm to the face as kin g for the oxygen mask The mask was put 
on, and artificial respiration conducted with oxygen under positive 
pressure 

Despite this artificial aid to the respiration, the respiratory em- 
barrassment maintained its seventy for about three minutes, during 
which the subject was thrown mto occasional convulsions, probably 
anoxsemic Shortly afterwards he was lying flaccid, with f ull ptosis 
and muscular paralysis The tongue did not fall to the back of the 
throat, and the upper airways were not plugged with mucous 

Consciousness was not lost and the memory was not clouded There 
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were no evident changes in the sensations The colour of the shin was 
normal or slightly pinkish, and there was profuse sweating of the brow 
The pulse was accelerated (from 7S to 90 per nnnute), and the blood- 
pressure shghtly raised (from 145/90 to 165/100 mm Hg) during the 
fifteen minutes following the injection, it then gradually came down to 
the original level 

III The purpose of the following experiment, done on an asthmatio 
patient, was (a) to find out whether the histamine, know n to be hberated 
as a result of the intravenous injection of tubocuranno, would pre- 
cipitate an attack of asthma in a presumably sensitive individual, 
(6) to test if there would be any increase in the histamine content of 
the urrne following upon such an injection 

The patient, a male 45 years old, has been suffering from asthma 
since 1942 His attacks are readily remoced by adrenaline Tubarmo 
“BW" was injected very slowly intravenously, 10 mg being givon 
over a period of three minutes Although there was definite ptosis, 
difficulty of speech, with sis eating and flushing of the cheoks, no 
subjective attack of asthma was complained of No mcreaso in the 
histamine content of the urine was detectable in the first threo hourly 
specimens, or in the 24-hours’ pooled sample 


Discussion 

Probably the vital system whoso responses provide the most 
important contraindication to the use of tubocurarine is the respiratory 
system Therefore, before administering the drug, one must bo con- 
vinced of his ability to care for the respiratory depression that may 
ensue Artificial respiration applied by the Schaefer or similar mothod 
may completely fail to resuscitate, and thus means of artificial respiration 
under positive pressure should always bo available These methods, 
however, may prove inadequate if the bronchial calibro is seriously 
interfered with 

Keference has already been made to various cluneal accounts of 
the occurrence of asthma Experiment II, described abovo, confirmed 
the fact that this may occur in man, and suggested that its occurrence 
depended on the speed of injection The experiments on guinea pigs 
showed clearly that bronchoconstnction could bo produced by com- 
paratively small doses injected rapidlj m conditions whore very much 
larger doses, given slowly, had no apparent effect on tho bronchi The 
antagonistic effect of neoantergan suggests that this phenomenon is 
due to the release of histamine, and this theory is also supported by 
the fact that it is already known that curare does release histamine 
failure of a second injection of tubocurarmo to causo broncho- 
can be explained on the theori that all tho histamine 
available for immediate release is released by the first injection lho 
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failure of aerosols of tubocurarme to cause asthma confirms the view 
held by Alam et al [1939] that the lungs themselves are not the mam 
source of the hista min e which is liberated 

These experiments suggest the praotical conclusion that the 
occurrence of asthma following injections of tubocurarme is likely to be 
less frequent when the injection is given slowly than when it is given 
rapidly If neoantergan were always administered with curare it is 
very unlik ely that asthma would ever occur, when it does ocour, the 
injection of neoantergan is likely to stop it 

SmmiASY 

A rapid intravenous injection of tubocurarme usually causes broncho- 
constnction m guinea-pigs A second injection has no such effect 
The effect may be prevented or interrupted by neoantergan, and is 
probably due to the release of histamine The best way to avoid this 
effect m the clinical use of tubocurarme is to give the mjeotion slowly 
Slow injections of large doses m gmnea-pigs had no effect on the bronchi, 
although a dose 10-16 times smaller caused bronchoconstnotion when 
given rapidly 
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Fio 1 — Contractions of nictitating membrane during perfusion of denorvated 
superior cervical ganglion (right) in response to single injections of acetylcholine 

(0 2 pg ) 

(A) Potentiating action of morphine (1 mg ) 

(B) Similar effect of esenne (2 /ig ) (Bight cervical sympathetic nerve 

sectioned 12 days before experiment ) 

Between the end of (A) and beginning of (B) there was an interval of 31 minutes 
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Fig 2 — Contractions of nictitating membrane during perfusion of denervated 
superior cervical ganglion (right) m response to 0 8 mg KC1 Potentiation of 
responses by morphine (0 5 mg ) (Bight cervical sympathetic nerve cut 7 days 
before experiment ) Between the 2nd and 3rd injections there was an interval 

of 7 minutes 
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THE EFFECT OF CERTAIN ANALGESIC DRUGS ON SYNAPTIC 
TRANSMISSION AS OBSERVED IN THE PERFUSED 
SUPERIOR CERVICAL GANGLION OF THE CAT By 
Catherine 0 Hebb and Herxbert Konzett From the 
Department of Physiology, University of Edinburgh 


(Received for publication oth February 1049 ) 

Pethidine and amidone, two new synthetic drugs, share with morphine 
the properties of relieving pam [Schaumann, 1940, Batterman and 
Himmelsbach, 1943, Scott and Chen, 1946] and of producing addiction 
[Himmelshach, 1942, Wikler and Frank, 1947], while they differ from 
morphine in certain other pharmacological aotions [Yonkman, Noth 
and Hecht, 1944] 

As yet no systematic study of their effects on the autonomic nervous 
system has been made, although this might well he of interest in view 
of the fact that, like morphine, both pethidine and amidone inhibit 
brain and serum cholinesterases [Brindley, 1944, Eadie, Bernheim 
and Fitzgerald, 1948, Greig and Howell, 1948] If the anti- 
cholinesterase activity of these drugs is an important feature of their 
action, one might expeot that they could modify the conditions for 
transmission of nervous impulses through autonomic ganglia To test 
this possibility we have earned out experiments on the perfused superior 
cervical ganglion [Kibjakow, 1933] 

Methods 

Cats, 2 3-3 4 kg , were anresthetised with ohloralose (0 08~0 1 g /kg 
intravenously) following induction with ether In the preparation and 
perfusion of the ganglion we used the method introduced by Kibjakow 
[1933], as later modified by Feldberg and Gaddum [1934] A water- 
jacket was used instead of a heating-coil for warming the perfusion 
fluid (modified Locke solution with low K, see Feldberg and Gaddum, 
l c ) The fluid was twice filtered, first through a No 4 and then through 
a No 5 sintered glass filter (filters as supplied by Messrs Griffin & 
Tatlock) During perfusion it was aerated with pure oxygen 

For nerve stimulation a Ritchie-Sneath square wave stimulator was 
used A good response was usually obtained when the strength of 
stimulus was 0 5 volt applied for 5 seconds or less (pulse duration of 
1 msec , frequency of 6 per sec ) 
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Injections were made by means of a long hypodermic needlo 
(capacity, 0 02 c o ), which was inserted through a side arm of tho 
cannula and pushed forward so that its bp lay close to the opening into 
the artery The drugs ad mini stered (esenne sulphate, acetylchohno, 
pethidine HC1, dl- and Z-amidone) were made up in filtered modified 
Locke solubon 

In some experiments the superior cervical ganglion was denervated 
by the removal aseptically of a short length of the cervical sympathetic 
6-12 days before experiment 

Contracfaons of the nictitating membrane were recorded isotomcally 
by means of a lever equipped with a frontal writing-point 


Results 


Morphine — Tests were made to determine whether morphine given 
in single injections (doses from 2 5 x 10~ 4 to 2 mg ) or perfused con- 
tinuously through the ganglion (0 5-50 pg per c c of perfusion fluid) 
would modify the responses of the nictitating membrane to pre-gangkomo 
nerve stimulation, injection of acetylcholine (1-20 pg ) or KC1 
(0 3-1 0 mg ) Morphine given in this way produced no measurable 
effects itself on the muscle It also appeared that tho drug caused no 
significant change in the excitability of the normally innervated ganglion 
to the stimuli mentioned Some experiments suggested that given m 
single injections it had a brief and very sbght depressant action, but 
this could not be confirmed in other experiments m which there was 
either no evidence of such an effect, or some indication that tho 


excitability of the ganglion was increased by morphine Continuous 
perfusion of the ganglion with morphine (1 pg /c c ) for long ponocls 
( e g i hour) could also be earned on without evidence of a ebango m tho 
responses either to nervous or chemical (acetylohobno) stimulation 
In contrast to normally innervated ganglia, thoso which had been 


denervated showed a marked increase in excitability after single 
mjeebons of morphine in doses varying from 0 1 to 2 0 mg With such 
doses the response of the nictitating membrano to acotylohohne given 
some 20-40 seconds later was much larger than tho control responses 
{fig 1, A) The effect generally persisted for a few- minutes only, and 
was sometimes succeeded by a period of diminished excitability In 
the experiment illustrated in fig 1, A, the degreo of potentiation of tho 
action of acetylchohne produced by 1 mg of morphine was found to bo 
eouivalont to that produced by 2 pg of esenne (fig 1, B), although tho 
fleet of morphine was of shorter duration Tho responses of denervated 
wmMia to KC1 were similarly potentiated by morpluuo (fig 2) 
h When tho threshold dose of acetylcholine was high responses to this 
substance could only bo potentiated by relatn cly largo dows of morphine 
Thi in experiments in which 10-20 pg of acetylcholine were used us 
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test doses, the least effective dose of morphine was of the order of 1 mg , 
whereas m other experiments with greater sensitivity to acetyloholine 
as httle as 100 pg of morphine had a potentiating action 

When given during perfusion of the ganglion with esenne (1 200,000), 
morphine did not produce any increase m the excitability over and above 
the inorease in excitability due to esenne itself 

Pethidine — Like morphine, pethidine, m doses up to 100 pg , had , 
no stimulant action on either normal or denervated ganglia, which 
could be detected by a response of the indicator muscle Larger doses 
of pethidine were not tested, since, unlike morphine, it had a profoundly 
depressant effect on the perfused ganglion In this its action was the 
same for both normal and denervated gangha with or without perfusion 
with esenne (1 200,000) The reduction m responses of the nictitating 
membrane to acetylcholine, KC1 and preganghomo nerve stimulation, 
due to injection of pethidine, is shown m fig 3 In this figure recovery 
of the response to nerve stimulation after the initial depression may also 
be seen The degree and usually the duration of inhibition increased 
with the dosage of pethidine 

Amidone — Effects similar to those described for pethidine were 
obtained with dl- and Z-amidone These drugs differed from pethidine 
m the one respect that their depressant action was more powerful than 
that of pethidine This difference was more marked in the case of 
Z-amidone, which in doses as small as 1 /xg produced a significant 
depression of responses to acetylcholine, KC1 or preganghomo stimula- 
tion, while the amounts of (ZZ-amidone required to cause a comparable 
inhibition were between 5 and 10 pg 

In certain experiments m which httle or no recovery in the exoit- 
ability of the ganglion had occurred after administration of a large dose 
of amidone, we found that the responses to nervous or chemical stimula- 
tion were restored by perfusion with esenne (1 200,000) Even during 
perfusion with eserine, however, the depressant effect of the drug 
could be demonstrated, although it was then necessary to use doseB 
larger than those normally required (10 p,g of Z-amidone, see fig 4) 
Similar results were obtained with amidone on denervated gangha 
(% 5 ) 

Discussion 

The depressant actions of pethidine and amidone here demonstrated 
are evidently related to effeots exerted on the ganglionic cells or the 
post-ganghomc fibres, or both, since ohemical and preganghomo nerve 
stimulation are equally affected, and analogous results are obtained 
after denervation ' On the other hand, morphine not only has no 
significant depressant effect on normally innervated gangha, but differs 
more sharply from amidone and pethidine in its ability to sensitize 
denervated gangha to the stimulating actions of acetylcholine and ELC1 
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This sensitizing effect of morphine might be attributed to its 
anti-chohnesterase properties, but if so, it should also alter the 
excitability of the innervated ganglion cells, unless it is only effective 
when, as after denervation, the concentration of cholinesterases is 
reduced [Sawyer and Hollinshead, 1945] Even so, it would be difficult 
on such an hypothesis to account for the potentiation of responses to 
KC1, since there is no reason to think that the stimulating action of KC1 
on denervated ganglia is mediated by acetylcholine These considera- 
tions suggest, therefore, that the sensitizing effects of morphine on the 
denervated ganghon are independent of its anti-chohnesterase properties 
Further, since both amidone and pethidine also possess such properties 
and are nevertheless strongly depressant, it is unlikely that the 
inhibition of cholinesterases plays any significant part m determining 
their effects 

The sympathetic ganghon cell has many properties in common 
with the neuromuscular end-plate , and it is of interest to compare the 
actions of amidone, pethidine and morphine on the ganghon with 
their actions on striated muscle Torda and Wolff [1947] have shown 
that in high concentration (0 001 H ) morphine increases tho response 
of the frog rectus abdominis muscle to acetylcholine This result ivo 
have been able to confirm We have also found that pethidine in 
concentrations of 10- 3 -10- 1 M , and both dl- and l amidone in con- 
centrations of 10-5 M , reversibly depress the motor responses of the 
muscle to acetylchohno (fig 6) The effects of tho three drugs on this 
musole therefore correspond closely with their effects on tho donorvated 
sympathetic ganghon It is again possible that the potentiating action 
of morphine depends upon an inhibition of the cholinesterases , but tho 
depressant actions of amidone and pethidine are much stronger than 
any effects which might be derived from their anti cholmestoraso 
properties, e g by the accumulation of excess acetylcholine 


Stodiaby 

1 In tho perfused superior cervical ganghon of the cat tho adminis- 
tration of morphine doe3 not affect the size of tho contraction of the 
nictitating membrane produced by pre-ganghomc stimulation, injection 
of acetylcholine or of KC1 when tho pre ganglionic fibres are normally 
functional, but after degenerative section of the corvical sympathetic 
nerve morphine in large doses potentiates the contraction ehcited by 

injections of acetylcholine and of KCI 

o Pethidine and anndono strongly dopress the responses of tho 
membrane to pre-ganghomc stimulation and to injections of acetyl 
ii KC1 Both drugs ha%o a similar depressant action on 

choline or hohno and KC1 a f ter denotation of tho ganglia 

In these actions, 1 anndono is the most powerful and pctlud.no the least 
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powerful, while di-amidone is intermediate between the other two 
substances 

3 Of the three analgesics tested, none have the power to excite 
a response of the nictitating membrane when injected into the ganglion 

4 The effects of morphine, amidone and pethidine on the responses 
of the frog rectus abdominis muscle to acetylcholine are analogous to 
their effeots on the responses of the denervated superior cervical ganglion 
to acetylcholine 
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Fia 1 — Specimen records (a) small blood ilow (6) largo blood flow Tho 
cuno whose amplitude is proportional to the blood ilow is emphasized bj tho 
broken line deviations from it uro of respirutorv and cardiac origin (c) Signal 
marking periods of supra atmospheric pressure, (if) time in seconds 
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AN INSTRUMENT FOR THE STUDY OF VASCULAR FACTORS 
IN THE PHYSIOLOGY AND PATHOLOGY OF THE 
HUMAN MAMMARY GLAND By V R Pickles, Physiology 
Department, King’s College, Newcastle-upon-Tyne 

{Received Jot publication 6th June 1949 ) 

The instr um ent to be described gives a continuous estimate of the blood- 
flow in the human mammary gland No measurements of this quantity 
have hitherto been reported, since none of the standard methods of 
measuring blood-flow is readily applicable to the human breast Only 
a few single measurements have been made on goats and cows [Jung, 
1932, 1933, Graham et al , 1936, 1938, Shaw et al , 1942] A detailed 
study of mammary blood-flow and its variations would be of considerable 
physiological and possibly of clinical interest 

The method to be described is a modification of the plethysmographic 
It is applied to the whole mtact organ, it involves no discomfort to 
the subject, and it is capable of registering fairly rapid fluctuations m 
the blood-flow A preliminary account has already been published 
[Piokles, 1949] 

The usual method of venous-occlusion plethysmography cannot be 
used, since it is anatomically impracticable to ooolude all the vems of 
the breast Instead, the air-pressure within the plethysmograph is 
reduced below atmospheno, causing a greater or less degree of stasis of 
venous blood and lymph in their respective vessels The organ con- 
sequently swells and the plethysmograph air-pressure tends to return 
to atmospheno It is in effect this rate of nse of pressure that is con- 
tinuously reoorded by the instrument, being almost directly proportional 
to the amphtude of the curve that the latter produces when the reduoed 
pressure is applied rhythmically (fig 1 — speoimen records) The follow- 
ing considerations suggest that this amphtude is, under the appropriate 
conditions, very closely related to the mammary blood-flow 

Before the instrument itself is descnbed, the volume changes that 
ooour when the breast is subjected to subatmosphenc external pres- 
sure must be considered in detail The theoretical possibilities are 
summarized m fig 2 

1 Tissue may be suoked under the nm of the plethysmograph 
Observation shows that with the technique used any such 
effect is negligible, except with some obese subjects 
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The elasticity of the chest-wall may allow the breast as a whole 
to be displaced further into the plethysmograph This point 
will be dealt with m detail later 

The outflow of lymph may be retarded or reversed There is no 
means of measuring this factor, but smce the breast has a 
relatively large lymphatic drainage it is probably not negligible 
However, if it may be assumed that the response of the lymph- 
flow to pressure-changes is not grossly unlike that of the v enous 
blood-flow to be described, this factor cannot affect blood-flow 
determinations more than a very small amount 



Flo 2 — Possible volumo changes of breast subjected to subatinosplierie 
pressure (1—4) (sea text) R nb in section 31 intercostal lo V um L 
lymphatic, AV, anastomosing vein from adjacent region Pectoral inusclm 

omitted 
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4 In so far as the suction diminishes or reverses the normal pressure- 
gradient driving blood along the mammary terns blood mil 
tend to stagnate or even to flow backwards m the veins, draining 
the breast, and to distend the remarkably large network of 
superficial terns through which almost all tho blood from tin 
gland passes Anatomists describe valves m botli the externa 
and the internal mammary -veins, but there is no doubt that 
when high negative pressures are applied (say 20 mm Hg) there 
is a considerable reflux of blood, presumably from tho many 
anastomoses with the veins of adjacent parts 

This tendency of reduced external pressure to make blood stagnate 
in the superficial venous plexus is tho basis of the proposed method of 
measuring mammary blood-flow 

Ifc wilf be seen that if the appropnato subatmosphenc procure were 
Inown it would theoretic illy be possible instantaneous!! to neutralize 
the normal pressure-gradient driving blood along the veins draining the 
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breast, so that the superficial plexus would become distended and the 
breast would swell at a rate equal to the arterial inflow Since in large 
vessels blood behaves as an ordinary viscous liquid, smaller negative 
pressures than this critical one would partially inhibit the outflow in the 
same proportion, and the breast would swell at a corresponding fraction 
of tbe normal arterial inflow rate It will thus he seen that the rate of 



Pig 3 — Diagrams to show how different plethysmograph pressures aSect the 
rate of change of breast volume by engorgement of the superficial veins Plain 
numbers thus, 100, represent pressures, and numbers in squares thus, [ Q ], repre- 
sent rates of blood flow or change of breast-volume all values axe arbitrary From. 
a, b and o it will be seen that the rate of swelling of the breast is (momentarily) 
proportional to the amount the plethysmograph pressure is below atmospheric 
Comparison of d with b shows that changes in arterial flow are reflected in the 
breast-volume changes under equal plethyamographic pressures, provided that 
the pressure gradient along the eflerent veins is unchanged The representation 
of artery (A) and vein (V) is not intended to be anatomically accurate 

swelling of the breast from this cause under any particular subatmo- 
spheno pressure withm the range under consideration is proportional to 
the arterial flow, provided that variations %n arterial flow do not alter the 
pressure-gradient m the veins, t e provided that the difference between 
local and central venous pressures remains constant, or almost so 
(fig 3) 

Approximate constancy of local venous pressure m vasomotor 
changes results from the combined effects of the elasticity of the veins 
and the venomotor mechanisms The earher literature on this subject 
is summarized in Eyster’s review [1926] 

VOD XXXV NO 3—1940 
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an mst ™ ent winch measures the rate of distension of tlio 

n i 6gatlVe pressuie 15 ^ el J to reflect changes in 
the blood-flow through the organ 

The volume-changes resultmg from these four factors combmed have 
been studied in a preliminary series of experiments The breast of a 
non-lactatmg subject was enclosed m a plethysmograph connected to a 
mernbrane manometer, and the pressure- changes recorded following the 
rapid withdrawal (in } to 1 sec ) of a variable volume of air In 1- 4 



Fiq 4 — Rato of swelling of breast under Bubatraoaphono pressure (see toxt) 
Abscissa — plethysmograph pressure in ram Hg below atrao3phono Ordinate-- 
rato of increase of plethysmograph pressure during a 5 soc period, ra mm He 

per minute ® 


are shown the results of the whole series of experiments on one subjeot 
Prom the pressure-changes and the volume of the plethysmograph the 
volume changes can of course be evaluated Evidence obtained later 
with an optical manometer, on different subjects and over a smallor 
pressure-range, suggests that the curve up to J mm Hg on tlio abscissa 
is not 8 igmficantly different from a straight hno, and that tins lino can 
also be extended backwards — that is, for supra atmospheric pressures — 
at least os far as 2 mm Hg above atmospheric The deviations from 
the linear relationship at the greater subatmosphono pressures arc of just 
the kind one would expect to result from distension of the mum efferent 
veins by the suction from outside If physiological conditions arc to bo 
maintained, such excessive pressures must bo avoided 
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The Instrument 

The instrument consists of a breast plethysmograph and a machine 
by winch the mass of air m it can be varied rhythmically and the con- 
sequent pressure-changes recorded The plethysmograph (a, fig 5) is 
made of twelve to sixteen rings of sponge-rubber, about 8 inches 
diameter, 1 inch wide and $ inch thick alternating with similar rings of 
thin card, all being cemented together and sealed with a curved Ferspex 



Fia 5 — A, air pressure adjustment to plethyamograph, B, stroke adjustment 
for bellows J J , C, variable speed and stroke crank mechanism , I>, dial registering 
phase of cycle of events E dial registering stroke of crank mechanism , F, control 
for varying stroke of crank mechanism, G, rigid bottle, H, pressure adjustment 
for bellows JJ JJ, ‘ compensator” bellows KK, “plethysmograph’ bellows, 

E, 1/6 h p synchronous motor, AI, rigid bottle used m calibration, eto , N, P, 
throe way taps for opening tubes to air, Q, diflerential optical manometer. It, 
signal recording plethysmographic air pressure , S, special breast plethysmograph 
containing air T, recording camera 

[This figure appears by kind permission of the Journal of Physiology ] 

lid The structure is so shaped that it fits accurately on to the average 
female chest, completely enclosing the right breast, but nowhere touching 
it or apparently occluding the veins draining it The alternation of 
card and sponge-rubber enables the plethysmograph to be adapted 
with moderate pressure to individual anatomical variations without 
losing more than a small part of its resistance to internal pressure- 
changes 

From it lead two tubes (see fig 5) One goes to a set of metal 
bellows actuated by a variable-throw crank mechanism, so that a 
volume of up to 40 c c of air is rhythmically pushed into and drawn 
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out of the plethysmograph, nowhere mixing with the external atmo- 
sphere The period of this cycle can be set at either 2 sec , 5 sec , or 
12 5 sec approximately 

The resulting changes m intra-plethysmographic air-pressure, 
modified by the effects arising from the mobde tissues of the mammary 
"land, are transmitted along the second tube to the differential optical 
manometer Smce it is convenient to study not the actual pressure- 
changes m the plethysmograph but the modification of such changes 
by the mobde tissues notably blood, the plethysmograph pressure is 
balanced in the differential capsule against the pressure m a dummy or 
“compensator” circuit In this a set of beUow3 (JJ), actmg syn- 
chronously with the former or “plethysmograph” set, pushes air into 
and out of a rigid bottle connected to the other side of the differential 
capsule The stroke of these compensator bellows can be varied 
independently of that of the plethysmograph bellows The pressure 
difference is recorded photographically on a paper moving at about 
2 mm per sec , and has the form of sme-wave on which smaller waves 
of respiratory and cardiac origin are imposed It is the amplitude of 
this main recorded wave which bears a dose relationship to the blood- 
flow and other physiological quantities 

The instrument includes a means of compensating at will for any 
chancres in the volume of the breast other than those induced by the 
pressure changes (A) It is also equipped with a signal (R), which 
records the periods during which the plethysmographio pressure is 
above atmospheno or any other selected value 

Physical Theory 

T,et l represent tune, and / the frequency of the cycle of operation of 
, , and let p represent the corresponding variable pressure 

in thp 3 compensator bellows, in mm , mm - audmm Hg respectively 
^ eri p=as\n2-njt, (!) 

1 n r.(in bo altered by altering the stroke of the bellows 
where the va ue pre33U re changes m the plethysmograph It has 
Now consi experiments as thoso summarized in fig 4 that, 

been found tro presS uro, the breast swells at a rato which 

under a suba P ^ propor tional to the amount by which that 
within certain atmospheric Moreovor, the typo of reasoning 

pressure is les3 3 ^ows that the effect of suction on the \enous 
exemplified in ng d artia u y 0 r completely stagnato m tho 

plexus, by makm 0 t(u3 ty po of \olumo-chungo The result 

efferent veins, * to o air . pre „uro p' does not simply vary along 

is that the hy ° at0 r thus, p ' =lp (suico tho two sets of bellows 
with that in the comp 
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are actuated synohronously), but it also tends to rise or fall towards 
zero (atmospheric) at a rate proportional to its instantaneous value. 
These facts are expressed by the equation 


dp' 

It 



-bp' 


The instrument is adjusted in a way to be desonbed later so that l — 1 
The fundamental equation then becomes 


dp' 

It 



( 2 ) 


(It can be shown that under the conditions present the volume and 
pressure-okanges are isothermic ) 

From the equations (1) and (2) we find that p -p', the pressure 
registered on the record, varies as a sine-wave whose amplitude is given 
by the expression 

yW+fe 1 ) 4 

(A constant of integration involved may be taken as zero ) Smce b is in 
fact small, the relationship is almost one of direct proportionality 

The above equation holds true only so long as the strokes of the two 
sets of bellows are “balanced” so that the constant k~ 1, that is, so 
that but for the effects arising from mobile tissues in the breast the 
pressures on the two sides of the differential manometer would be 
continually equal Suppose that the machine were m small degree 
imperfectly adjusted so that the compensator bellows gave a pressure- 
wave of amplitude La where k — 1, other quantities remaining as before 
It is now found that the amplitude of the recorded wave is 

// k*b*/P + ±tt 2 (L - 1 ) 2 \ 

V \ b‘IP + 47 I s / 

If L alone is varied, this expression has a minimal value when 
L = 4Tr*j.{b 2 jf* + 4 tc*), that is for very small values of 6 , when k — 1 


PBOOEDUBE 

The method of measuring b can now be followed The plethysmo- 
graph having first been fixed in position on the supine subject, it is * 
necessary to adjust the stroke of the compensator bellows so that the 
machine is “balanced,” when k = 1 To do this the machine is set going 

at the most rapid rate Thus / is made large and bjf correspondingly 
small, generally into the region of 0 1 to 0 6 It will be seen firom 
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the graph (fig 6) that, if the instrument is balanced (£ = 1), the recorded 
wave is of very low amplitude Or m practical terms, the air-volume 
changes take place so rapidly that there is no tune for movement of 
mammary tissues, including blood, appreciably to affect the pressure- 
changes In these circumstances— as will be seen from reference to 
the graph a small change m the value of L gives a relatively lar"e 
change in the amphtude of the pressure-difference wave as recorded 
The compensator stroke-volume is thus adjusted whde the machine is 



Fio 0 — Graph showing omphtudo of recorded wa\o corresponding to different 
values of 6, /, and 1 (seo toxt) 

/ W-ip+wy 3 

J "V 4 a J + 6 3 //» 


running, until nothing but the waves of respiratory and cardiac origin 
is recorded It can then be taken that 1 = 1 

The machine is now changed to tho lowest gear This, for tho 
reasons described, has the effect of increasing the \alue of b/f, in other 
words, tho flow of the mobde tissues now has a marked effect Any 
deviations of ^ from unity, i e an} imbalance of tho machino, now has 
muoli less part in determining tho wave amplitude than has tho value 6 
Amnn this will be made clear by roforonco to tho graph 
° As a check, the plethysmograph side of tho manometer can suddenly 
bo closed off, and the phase-difference between tho usual wavo and that 
due to the compensator wave alono can be determined Tho releeunt 
theoretical equations in this case are 
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The difference-wave follows the compensator-wave by a time t' 
suoh that 

tan 2nft , =27Tbfl{r-b 2 + i^r-[k - 1]), 
which when l - 1 reduces to 

tan 2vft' =2irfjb 

A record is also taken of the compensator-wave alone, to give the 
quantity a in terms of millimetres on the record 


Discussion 

The above theoretical analysis shows that the instrument will 
accurately record variations in mammary blood-flow provided certain 
conditions are fulfilled These are 

(1) That the venous pressure-gradient must be relatively unaffected 
by changes in blood-flow This has already been disoussed (p 221) It 
is quite essential that the plethysmograph must not interfere with the 
venous drainage, which seems to be the case in the breast 

(2) A second condition is that suoh factors as tissue-pressure shall 
not be disturbingly great This is of course the common condition of all 
plethysmographic work, and palpation suggests that tissue-pressure 
in the breast of a non-laotatmg woman, or one in whom laotation is fully 
established, is less than that in, say, the forearm, this may not hold 
good m certain phases of lactation 

The displacement of the breast as a whole by the pressure-changes 
remains to be considered It can be shown theoretically that any such 
displacement that occurs simultaneously with the pressure-change 
causing it, if it is not very great, merely has the effeot of moreasmg the 
effective plethysmograph air-volume , this has been oheoked by the sort 
of experiment suggested by fig 7 On “balancing” the instrument in 
the way desonbed above, it is found that the adjustment B (fig 5) has 
to be set as for a plethysmograph air-volume approximately twice that 
which m faot exists This result is taken to indicate that this type of 
displacement is m fact not negligible, but it is completely accounted for 
by usmg the effective rather than the real air-volume in converting the 
readings mto flow-rates, as described below 

Any displacement of the breast whioh lags behind the causative 
presBure-ohange cannot be separated from changes due to blood-flow 
Such a faotor would not be expected to vary from minute to minute m 
any one subject, or possibly not greatly from one subject to another 
The apparent mammary blood-flow m the male subjects whose blood- 
flow readings are shown in comparison with other subjects m fig 8, is 
presumably a combmation of true blood-flow m the pectoral muscles 
and any such lag-displacement effeot The female subjeots with the 
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small breasts were less muscular than the male subjeots, and their total 
blood-flow (real and apparent) was about the same These readings 



Ru bber 
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Fid 7 — The arrangement A, in which the rubber diaphragm represents the 
elasticity of the chest wall, gives almost exactly the same effects on the instrument 
os the larger but completely rigid bottle B 


give an approximate base-line from whioh true mammary blood-flow 
can be evaluated 

The instrument gives blood-flow m terms of the quantity b This 
can be converted into ml per min by multiplying it by the product of 
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p 10 g Rates of blood flow through the whole organ (and underljing muscle) 

of tho first 20 subjects oxanuned The values are in ml of blood per ram per mm 
" ’ Hg pressure differenco along the efferent veins 


the effective plethysmograph air-volume (in ml ) and tho pressure- 
difference along the veins draining tho breast (in mm Hg), and dividing 
bv the atmospheric pressuro (in mm Hg) The second of theso factors 
/not known, but is possibly in tho region of unity Hon over, relativo 

figures are all that are needed for most purposes 

Ufe>u l far no direct experimental ovidenco has beon given that tho 
instrument does in fact record variations m mammar> blood-flou Tho 
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physical analysis given places it beyond doubt that it is a convenient 
method of measuring a quantity b which in turn depends (at least 
partially) on the calibre of the efferent veins, and this calibre varies 
with the blood-flow But can any more direct evidence be offered 2 
The obvious method of oheokmg the instrument against a standard 
method in some organ other than the breast, or on a perfused limb, 



Fig 9 Experiments on an artificial circulation T,, tap representing 
arterioles, t*, upper part of bottle representing pletbyamograph , R, -water in 
bottle representing superficial venous reservoir of breast, T,, tap representing 
eSeots of elasticity of veins and venomotor mechanism, adjusted until outflow 
equals inflow at constant pressure, V, vessel representing central venous 

reservoir 


would demand the construction of a plethysmograph sealed on in such 
a way as to withstand varying pressures without interfering m the 
slightest degree with the venous drainage or venomotor control This 
is almost a technical impossibility If there is any suoh interference 
with venous drainage, it is found that the amplitude of the recorded wave 
is independent of the frequency / of the cycle of events m the instrument, 
and m consequence b is largely indeterminate A direct check can he 
made on a simple model of the breast circulation, and the close agreement 
can be seen from fig 9 

Nevertheless there is much oiroumstantial evidence that the instru- 
ment is reliable m vivo Firstly, the values of b for different subjects 
differ m the way that would be expected Secondly, when the values 
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of b are converted, into flow-rates m ml per min , the results again are 
not unexpected , actual figures are shown m fig 8 Thirdly, so far as 
they have been studied, the responses of any one subject to such in- 
fluences as local cooling or inhalation of amyl nitrite are of the type that 
would be expected It is not the purpose of this paper to give results 
m detail, but fig 10 is shown as a typical example Fourthly, it is 
consistently found that the sine-curve drawn through the peaks of the 
respiratory waves has a greater amplitude than that drawn through the 


'v'Vvw 


sec 

15 

10 

f5 
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Fio 10 — Record showing effect of inhalation of amyl mtnte 1 i, cnpaulo hold 
under subject's nostrils subject breathing normnllj ij, subjoct coughing 
Graph below shows actual hoight of curve m mm Tho heart rate and depth of 
respiration aro seen to rise and fall pan jxissu 


troughs this might mean either that inspiration is deeper during tho 
phases of subatmosphenc pressure, which seems unlikely, especially 
as the subject is generally unconsoious of the aotion of the instrument , 
or that the blood-flow measured is greater during inspirations than 
during expirations Since it is the venous outflow that is in fact 
measured, t his result accords with the known physiological faots 


Summary 

An instrument is described for the investigation of vascular factors 
m human mammary physiology, for which hitherto no suitable technique 
has existed It involves a modification of the plethysmograplnc method 
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INITIAL RESPIRATORY RESPONSES TO THE INTRA- 
TRACHEAL INHALATION OF PHOSGENE OR AMMONIA 
By Jean Banister , 1 G Fegler 1 and Catherine Hebb 
From the Department of Physiology, University of Edinburgh 

{Receucd for publication 25th August 1919 ) 

Respiratory responses to the intratracheal inhalation of lung irritants 
have been described by many "workers since the time of Paul Bert 
Laqueur and Magnus [1921], and more recently Newton [1941], Fegler 
[1942], Smythe [1943], and Whittendge [1948], have desonbed some of 
the more immediate effects of phosgene inhalation seen in the oat In 
the experiments described m the first part of this paper we have studied 
the action of phosgene on anaesthetised cats and dogs and compared it 
with that of ammonia, which is a typical respiratory irritant capable of 
initiating prompt and characteristic changes m the breathing After 
analysis of these experiments it seemed desirable to determine whether 
there was any direct action on the lungs by these gases which, apart 
from the stimulation of afferent systems of the animal, might influence 
the total response Experiments specially .designed for this purpose 
were carried out on isolated blood-perfused dog lungs and are described 
m the second part of this paper 

Methods 

Ancesthetics and Operative Procedures 

Mixtures of ohloralose 0 05 g and urethane 0 5 g /kg given sub- 
cutaneously were used for aneesthesia m the phosgene experiments 
In the ammonia senes dogs were given either the chloralose and 
urethane mixture, or nembutal (0 032 g /kg ) or sodium barbital, cats 
were given nembutal 0 032-0 06 g [kg , and rabbits 0 032 g [kg The 
barbiturate anaesthetics were given either mtrapentoneally (dogs and 
oats) or intravenously (rabbits) So far as we could judge the type of 
anaesthetic was not a factor which decisively modified the results 

All animals were tracheotomised One group of five cats had their 
lungs chronically sympathectomised (bilateral removal of the stellate 
and T 1-4 gangha) in a two-stage operation four and three weeks before 

1 Late of Polish. Medical School, Edinburgh 
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experiment In acute experiments steUectomy was performed either 
through, the neck or between the 3rd and 4th mtrathoracic spaces 
Another series of tests was earned out on animals with chests opened by 
a mid-line spht down the sternum, in suoh cases the stellate gangha 
were removed through the sternal opening 



1 —Tossing and respiratory recording apparatus (1) Kubbor tubing 
* „ „„ nmnoulo of liquid phosgi.no After tho ompoulo is broken tho gas 

containing on P° ( _>j with compressed air Either tho gas container 

a unshed wt tamLr (3) can bo connected to tho respiratory ay stem at will 

(2) or tho pare w | ' Capacity of containers 20 litres capacity of 

by manipulating (4)absOrbcr with cliareoal (0) smoked jiapor strip 

rubber bags ('J. Ta, of tho spirometer (5), 30 second timo intoreals wiro marked 
connected to tue “ paper strip by an electromagnetic signal 



Respiratory Responses to Intratracheal Inhalation, of Phosgene 235 

Gassing — Phosgene — Phosgene was administered mtratraeheally for 
periods of up to 30 minutes via an inspiratory valve from a closed system 
of bottles with compensatory rubber bags arranged so that the gas 
mix ture inhaled was of nearly constant composition (see fig 1 ) Sealed 
ampoules of liquid phosgene provided by the Ministry of Supply were 
used Gas concentrations (vol /voi ) were calculated to have ranged 
from 1/500 to 1/260 m tests on dogs (20 animals) and from 1/1000 to 
1/500 in tests on cats (24 animals) In calculating the concentration 
no allowances are made for the amounts of phosgene whioh may have 
been destroyed in contact with moist rubber and metal parts of the 
apparatus 

Ammonia — Ammonia was given by various methods One was to 
saturate a cotton-wool swab with ammonia solution (BP S G 0 888) 
and hold it against the tracheal cannula for a given time (1-18 sec ) 
during spontaneous respiration (Tests were made on 12 dogs, 3 cats and 
10 rabbits ) Another was to admit an arr-ammoma mixture to a closed 
respiratory system incorporating either inspiratory and expiratory 
values, or a carbon dioxide absorber (soda-lime) connected directly to 
the traoheal cannula The mixture was prepared by equilibration of 
air with a strong solution of ammonia at room temperature and pressure 
The test mixture was contained in a bottle, and it was either drawn into 
the ventilating system simply by opening communicating taps, or was 
displaced by a syringe into the trachea through a thin catheter in which 
case the latent period of response was reduced The volumes ad- 
ministered varied from 20 to 30 ml for dogs, 4 to 20 ml for cats and 
20-90 ml for rabbits Air-ammoma mixtures were administered in 
both of these ways to animals breathing spontaneously, or to animals 
with open chests and being ventilated by a Starling Ideal pump 

Recobds 

Arterial blood pressure was measured with a mercury manometer, 
and sometimes also with a membrane manometer, from the femoral 
artery of cats and dogs, and from the carotid artery m rabbits 

Chest movement, rate and volume of respiration were recorded as 
follows (a) respiratory minute volume by a spirometer (see fig 1, 
phosgene experiments), ( b ) tidal air volume by a small bell spirometer 
or by a large capaoity tambour, (c) chest movements by a corrugated 
rubber tube stethograph (recorded m nearly all experiments), (d) 
intratracheal pressure changes by a sensitive Marey tambour (recorded 
in the ammonia experiments with open chests), (e) mtrathoracic oeso- 
phageal pressure changes by a Marey tambour 

The last of these measurements (e) provided a olose approximation 
to the intrapleural pressure changes , this was checked by taking records 
simultaneously of both pressures in some experiments Spontaneous 
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waves resulting from the contraction of the oesophagus rarely occurred, 
and when they did, were quite irregular and easily distinguished from 
the rhythmical respiratory fluctuations 

Changes m intrapulmonary resistance occurring during the course of 
the experiment were obtained by calculating the ratio excursion m mm 
of thoracic oesophageal pressure/ excursion m mm of stethograph Tidal 
air-volumes, when available, were used instead of the stethograph 
readings (Christie [1938] used a method analogous to this for the 
assessment of changes in the resistance of human lungs ) Control tests 
with inhaled C0 2 and intravenous mjeotion of acetylcholine showed that 
the former caused no change or a reduction m the ratio, while the latter 
agent produced a sudden increase in ratio These effects indicated that 
changes m the ratio did give a reliable measure of ohanges m bronchial 
resistance 

Results 

Dogs — The inhalation of either phosgene or ammonia caused a 
typical somatic motor response after a latent period of 1-6 seconds in the 
majority of animals This consisted of a pronounced respiratory pause 
of 6 to 48 seconds followed by a period of very rapid shallow breathing 
(depth decreased 20 to 50 per cent , rate increased 100 to 200 per cent 
(see fig 2)) In response to ammonia, the changes in rate and depth 
were somewhat less consistent than those due to phosgene, a faot 
possibly attributable to greater variations in gassing technique The 
results have been briefly summarised in Table I 

In addition to the somatic motor response, increases in the intra- 
pulmonary resistance indicated that bronchoconstnction always occurred 
within 1 J— 5 minutes from the beginning of exposure An earlier increase, 
complete within 1 minute, was also but not so consistently seen When 
produced by ammonia inhalation, the late mcrease in intrapulmonary 
resistance had always reached its peak and begun to subside in thin 
10 minutes, but with phosgene, similar recovery occurred in less than 
50 per cent of the animals tested 

After section of both cervical vagosympathetic trunks, somatio 
motor responses could stdl bo elicited by either phosgene or aniniomo, 
but with the loss of certain components this assumed quite a different 
character The apncea (apncoa is used here in its strictest sense as 
cessation of breathing) and shallow respiration, characteristic of tho 
response of dogs with intact vagi, were no longor seen, instead the 
' ac tion consisted of a marked increase m respiratory rate, a slight 
reaso in respiratory depth, and a lengthening of the latent period 
, ini^ht now bo of the order of two minutes In a moro detailed 
Whl ° nation of tins reaction, using ammonia ns tho test gas, it was 
mvesug further modification was produced b> denervation of tho 

found ^ha ^ l( . wtt3 suppressed bj removal of tho stellate ganglia 




Fio 2 — A The initial respiratory reaction of a 5 3 kg dog (with normal 
lung innervation and chlorolose urethane aniesthesia) to 
phosgene inhaled m concentration of 5 0 g /cubic metre 
Upper tracing Intro cesophageal pressure variations 
Lower tracing Carotid blood pressure m mm Hg 
Time 6-second intervals 

B The respiratory reaction of 9 kg dog (chlorolose urethane 
aniesthesia and both vagosympathetic trunks seotioned) to 
phosgene exposure (in a concentration of 6 0 g /cubic metre) 
Records as in A 
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Fla 4 — The initial respiratory reactions of a cat (2 8 kg chlorolose urethane 
amesthesia) exposed to phosgene in a concentration, of 5 g /cubic metre, showing 
the effect of section of both vagosympathetic trunks during poisoning 
Tracing# 1 lntra cesophageal pressure -variations 

2 Stethograph record of cheat movement 

3 Tidal air volume m cubic centimetres 

4 Femoral arterial blood pressure in mm Hg 
Time 30 second intervals 

At first arrow phosgene exposure begun At second arrow section of both 
vagosympathetic trunks At third arrow exposure stopped 
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jTjq 5 — The respirator} response* of a 2 8 kg rabbit (nembutal) to inhalation of 
ammonia vupour (Method 1) 

A Normal lung innervation 
B After section of both \ugul trunks 
Cpptr traany Intru tc&ophngeul pressure variations 
Middle traeimj Stethogmph re tore! of chest moutm nts 
Lower traenuj Carotid arterial blood pressure in mm Hg 
Time 0 second interv ills 
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. „o llntr (Separated isolated perfused lungs ) 

, -A tidal «. 

(24 cc ^ ffl “ fcu fL P ^ g ^r inspiration Concentration, 
successive doses of finally 

i on imf mllv nsinjz to 7 l) g / m nu»u.y 

Maxudum IS’ perfused lungs ) 

B E srr»; 

~ 0 4 to ~ pulmonary arterial pressure 

„ »„.,,rr^n: ~ — - - - — - 

inspiration. ^ , 2 

Approximate concentration — *o g / 
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P [( , g Xlua illustrates tho potentiating action of eserino on tho broncho 

constrictor response to ammonia and suppression of this potentiation by 

atropine 

In this experiment tho two lungs were separately ventilated and perfused 
1 it 1 1 01 pun esenno was added to tho right lung perfusate so tliat its llnal 
concentration was l/d00,000 At U 08 p m (arrows) 7 5 c c of air ammonia 
vapour wero given to each lung 

lHUnm (arrows) 7 See of air ammomn vupour wire given to euih lung 
‘ of nl . otino hud been proviouslj added to tho nght lung perfusate 

, ® esenno was added to tho left lung perfusate so that the finul ion 

** _ a* p ^ 1/200,000 2 rng atropine had been previouslv added to right 

lung perfusate At 2 41 p m (arrows) 7 o c c air ammonia vupour wire givon 

, m^'oWarrow s) 7 5 c c uir ammonia v upour win give n to i a. It lung lloth 
™rfu£t“s now contam esenno atrop.no and nnot.m 
^ (Each onhnatc division represents 10ci tidal uir ) 


2 ^t 


FtOLEU A> 


Bamsteh, 








Respiratory Responses to Intratracheal Inhalation of Phosgene 237 




VOL. XXXV, NO 3—1949 


16 



238 


Banister, Fegler and Hebb 


(see fig 3) These results indicated that in the dog some afferent path- 
ways concerned in the somatic motor response to respiratory irritation 
reach the central nervous system via the stellate gangha, and in thus 
implicating an extra-vagal afferent pathway for such responses, v ere m 
agreement with the results of Craigie [1922], Cromer, Young and Ivy 
[1933], and Fegler [1933] 

In contrast to the reflex somatic motor responses, the delayed 
increase in intrapulmonary resistance seen after gassing persisted in 
spite of division of the vagosympathetic trunks and removal of the 
stellate gangha Some attempts to prevent it by atropimsation of the 
animal were inconclusive On the other hand, the early increase m 
intrapulmonary resistance sometimes seen when the vagi were mtact 
was never present after vagal section 

Inhalation of phosgene also caused a sharp fall m blood pressure 
which ocourred within three minutes from the start of exposure After 
section of the vagosympathetic trunk the effeots of phosgene on the 
blood pressure were less consistent a fall ocourred m 2 dogs, a rise in 
2 others, and no change occurred m 3 Ammonia produced a fall in 
blood pressure of 20 per cent or less in 3 and a rise in 5 out of a total 
of 12 dogs After division of the vagosympathetic trunk, ammonia 
caused some change (either a rise or a fall) m only half the animals 
tested, but when the stellate gangha were removed as veil it con- 
sistently caused a fall 

Q a i s Cats, when exposed to phosgene or ammonia, showed a 

marked acceleration and decrease in depth of respiration The apncea, 
so regularly observed in dogs, occurred in only 1 out of 28 cats A very 
characteristic feature of the response was a shift of the expiratory level 
of the chest towards the inspiratory position (see fig 4), an effect 
observed in only 3 out of 29 dogs Wliittcndge [1948] reported 
analo"ou 3 findings m cats exposed to loner concentrations of phosgene, 
with evidence of an mcreased electrical activity of the diaphragm 
throughout expiration The increaso in the intrapulmonary resistance 

inhalation of either gas, previously mentioned in connection with 
do "3 was also clearly marked in cats An early increase occurred 
thru one minute from the start of exposure, while a later increaso 
W ccurred within five minutes The results havo been summarised in 


Tab e n of the vagosympathetic trunks totally suppressed tho initial 
60 10 esponse s to° ammonia and phosgeno in the cat, and tliore was 
soma io r P ^ residual reaction as observed in dogs after -vagotomy 
n0 evidenc , m ra t e an d depth of respiration were sometimes 

sl ' rauI “ 


carotid smoa <u»publ,.h.d obscnatioo,) 


:0 tid smus . of tho c hest disappeared after -vagal 

m the expira y g myt he’s finding [Smytho, 1943] tl 
of interest m view » j 


stmiulntion of tho 
The fact that tho shift 
bection was 
that bilateral 
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vagotomy did not affect the increased negativity of the intrapleural 
pressure which followed exposure to phosgene 

The early increase in intrapulmonary resistance following inhalation 
of either irritant no longer occurred after vagotomy, but as m dogs, the 
late increase was still present in 1 5 out of 1 6 animals and was, if anything, 
more pronounced Further, partial or complete sympathetic denerva- 
tion of the lungs did not appear to influence its development 

Following phosgene inhalation the blood pressure either showed a 
fall (5 animals) which occurred within three minutes or no change at all 
(2 animals) After ammonia a fall m blood pressure occurred in 3 
animals, a rise m 2 and no change m 1 animal Responses to either gas 
obtained after vagotomy or vagotomy and stellectomy were equally 
variable 

Rabbits — The effects of ammonia vapour on the respiratory responses 
of rabbits were also observed The initial reaction differed m some 
respects from that already described for dogs and cats After a latent 
period of only 1 second (concentration of vapour was relatively high in 
these experiments), all of a total of 10 annuals gave a deep cough, which 
in two cases was followed by brief apncea Increased rate of respiration 
then followed in 6 annuals and a decreased rate m 4, simultaneously 
there was a decrease in depth of breathing in 4 animals and an increase 
in depth of breathing in 3 Fig 5 illustrates a response in whioli 
increased rate and decreased depth occurred The responses m rabbits 
resembled those m cats, m that a shift of the expiratory level of the chest 
towards the inspiratory position was seen in all annuals, while apncea 
was relatively infrequent We were only able to detect an increase 
in intrapulmonary resistance m response to gassing in 1 of 5 annuals 
The cough, the shift of the thorax, and the changes m rate and depth 
of breathing w r ere all ehmmated by bilateral vagotomy This finding 
supports the behef of Larsell that only the vagus nerve conducts sensory 
impulses from the lungs of rabbits 

The arterial blood pressure dropped sharply by about 40-50 per cent 
on inhalation of ammonia This was probably connected with the 
violent cough, since after vagotomy there was instead a gradual fall 
of blood pressure of 20 per cent or less 


Discussion 

On analysis of our results we find that in dogs and cats tho initial 
tant action of high concentrations of phosgene is similar to that of 
^ a and this suggests that tho same pulmonary receptors are 
ammoni^ ^ ^ twQ sU b s tances There is, how over, a species difference 
sensi magmuc j 1 as tho afferent pathways chiefly concerned traiol 

m JLn'i, while m the dogextra-xagal pathways also exist which may 
be ^interrupted by remevnl ef the stellite ganglm 
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The respiratory responses of the two species do not correspond m 
detail Apncea, which is prominent in the dog, does not ocour in the 
cat, while, on the other hand, the shift of the expiratory level of the 
chest towards inspiration has heen observed in the cat and the rabbit but 
not m the dog It is possible that tins latter difference is more apparent 
than real and depends on the method of measurement The thorax of 
the cat is more elastic than that of the dog, and m this case the stetho- 
graph may reflect more accurately the volume ohanges in the thorax 

Those features of the respiratory response which are common to 
ammonia and phosgene in both species are the rapid shallow breathing 
and the early and late increases in mtrapulmonary resistance There 
are various indications that both of these increases m mtrapulmonary 
resistance are due to bronohoeonstriotion For its rapid development 
the vagi must he intact, but a more slowly developing response 
is still present after the extrinsic innervation of the lungs has 
heen severed The most probable explanation of this, is that both 
phosgene and ammonia act directly on peripheral structures to produce 
a motor response which is independent of those mediated by the central 
nervous system 

This conclusion might he open to certain objections if it were based 
only on the results so far presented, hut it is supported by the experi- 
ments of Daly, Eggleton, Elsden and Hebb [1946], who found that 
phosgene causes bronohoeonstriotion in the isolated perfused lungs of 
dogs, and by Laqueur and Magnus [1921], who demonstrated the same 
responses to high concentrations of phosgene m the isolated perfused 
lungs of cats In the experiments now to he described we have 
attempted to analyse the effect of phosgene on the isolated dog lungs 
more carefully, and have compared the action of this gas with that of 
ammonia 


Experiments on Isolated Perfused Dog Lungs 

Experiments were performed on separated isolated blood-perfused 
lungs of dogs kept under negative pressure ventilation according to 
the method of Daly, Hebb and Petrovskaia [1941], as modified by Hebb 
and Nimmo Smith [1946] By this technique the nght and left lungs 
were set up each with an independent circulation and ventilating 
system In the majority of the phosgene experiments, tests were 
carried out on one lung only, the other being treated as a control In 
other experiments, tests of either phosgene or ammonia were carried 
out on the two lungB often simultaneously, when some other difference 
of treatment had been introduced (e g intravascular injection of drugs) 
In addition, seven experiments were performed m whioh both lungs 
were perfused and ventilated as a single unit In five of these, injections 
were made into the mam right posterior bronchial artery through a 
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cannula tied into the parent (intercostal) artery as descnbed by Berry, 
Bradsford and Daly [1931] Tins method was used, because drugs 
injected by this route will reach parts of the bronchial tissue and 
lntrapulmong-ry nerves and ganglia which may not be supphed by the 
pulmonary arterial system 

Administration of Gases — The lungs enclosed m the negative pressure 
chamber were connected externally to recording spirometers, the whole 
forming a closed system For the purpose of gassing, a glass side-arm 
on the bronchial (or tracheal) cannula could be put in communication 
with a glass syringe, from which the gases were injected into the airway 
Phosgene was given either as a large single injection (up to 10 mg ) of 
the pure gas, or in small successive injections in step with eaoh respira- 
tion When low concentrations were required the latter method was 
used, the gas being dduted with air as required and injected in small 
volumes at the end of each expiration, so that it could be diluted and 
carried into the lungs with the volume of air entermg them at the 
succeeding inspiration The concentration was therefore dependent 
upon the tidal air volume during injection and has been calculated as 
such The advantages of the method were that the dead space was small 
(ca 3 to 6 ml ), and that the recording of tidal air was not interrupted 
by gassing 

For injection, ammonia vapour was withdrawn into a syringe from 
the top of a full Wmchester of ammonia (S G =0 888, BP), and was 
thus diluted with air to an extent depending upon temperature and other 
factors By analysis we found that approximately half the total 
volume in the syringe consisted of ammonia vapour For convenience 
we have expressed the dosage throughout m terms of the total volume 
of air-ammoma mixture injected 

Since the lungs were ventilated by extrapulmonary negative pressure 
variations of constant magnitude (ca - 0 4 to - 9 cm H 2 0), broncho- 
motor responses were shown by changes m the tidal air, a reduction 
indicating bronohoconstnction and an increase bronchodilatation These 
changes have been expressed os percentages of the existing control 
values in order to compare quantitatively the responses of different 
lun"3 which varied widely in respect of their normal ventilating capacity 
After experiment the lungs were oxamined for evidences of oedema, 
congestion and tissue htemorrhage Macroscopic observations were 
becked histologically m most cases The area of tissuo supphed bj the 
bronchial vessel injection route was assessed by the injection of Indian 
,nk (in saline) at the end of perfusion 

Results 

. p r ne—In confirmation of Daly et at [1946], we found that 
hronchoconstriction in the isolated perfused lungs, 

phosgene proauceu 
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and it was m fact observed in all of 50 experiments carried out m this 
laboratory (including some which will be reported elsewhere) The 
most remarkable feature of the response was its brief latent period 
With concentrations of 0 6 to 1 g /m 3 , a measurable reduction in 
tidal air occurred within a few respirations At higher concentrations 
it was almost synchronous with the passage of the gas into the lung , 
and the reduction in tidal air was evident m the reduced volume of the 
expiration which followed The rate at which the response developed 
to its maximum could largely be controlled by the rate of admission of 
the gas to the airway, as may be seen by comparing the two traomgs of 
fig 6 In one, approximately 100 mg of phosgene was introduced into 
the airway as a single dose, and the resulting bronchoconstnction had 
reached its peak within a few respirations In the other, gassing was 
earned out with relatively small doses added during several successive 
respirations, and here instead of an abrupt reduction in tidal air, the 
response took a gradual course in step with the gassmg until it reached 
a maximum 

The sensitivity of the lungs to the bronohoconstnotor action of 
phosgene was subject to large individual vanations In nine expen- 
ments smgle doses of 100 mg produced changes m the tidal air varying 
from - 20 to - 69 per cent Given in small repeated doses, the range 
of response representing the maximal effect of the gas on the individual 
lungs was from - 20 to - 80 per cent , when the total amounts of 
phosgene given varied from 8 to 20 mg We ascertained that the 
response was maximal in these experiments by continuing the adminis- 
tration of phosgene until the reduotion in tidal air ceased 

Inhalation of phosgene sometimes produced a nse m pulmonary 
arterial pressure The response was largest when smgle doses of 
phosgene were given (see fig 6), though it was not always present 
With small repeated doses of phosgene a slow rise in pulmonary arterial 
pressure frequently ocourred, but was often not of a significant order 
(less than 5 per cent m 6 to 15 minutes), it was sometimes absent or 
replaced by a depressor effeot It seemed probable that the changes in 
blood-pressure observed were largely due to ohanges m mtrapulmonary 
pressure arising from the associated bronohoconstnotion [Daly and Hebb, 
1942], and that phosgene did not have a direct vasomotor action The 
absence of any marked change m pulmonary arterial pressure also made 
it improbable that the rapid reduotion m tidal air was of vascular rather 
than bronchomotor origin Measurements of the volume m the venous 
reservoir showed that changes in the lung blood-volume, even when 
tidal air changes were maximal, could not have exceeded ±3 c c , if 
present at all 

These remarks refer to the results of smgle tests earned out on 60 
isolated lung preparations The quantitative assessment of the response 
was handicapped by the fact that the administration of phosgene was 



242 


Banister, Fegler and Hebb 


cannula tied into the parent (intercostal) artery as described by Berry, 
Brailsford and Daly [1931] This method was used, because drugs 
injected by this route will reach parts of the bronchial tissue and 
mtrapulmonpry nerves and ganglia which may not be supplied by the 
pulmonary arterial system 

Administration of Gases — The lungs enclosed m the negative pressure 
chamber were connected externally to recording spirometers, the whole 
forming a closed system For the purpose of gassing, a glass side-arm 
on the bronchial (or tracheal) cannula could be put m communication 
with a glass syringe, from which the gases were mjected into the airway 
Phosgene was given either as a large single injection (up to 10 mg ) of 
the pure gas, or m small successive injections m step with each respira- 
tion When low concentrations were required the latter method was 
used, the gas being diluted with air as required and mjected in small 
volumes at the end of each expiration, so that it could be diluted and 
oarried mto the lungs with the volume of air entermg them at the 
succeeding inspiration The concentration was therefore dependent 
upon the tidal air volume during injection and has been calculated as 
such The advantages of the method were that the dead space was small 
(ca 3 to 5 ml ), and that the recording of tidal air was not interrupted 
by gassing 

For injection, ammonia vapour was withdrawn mto a syringe from 
the top of a full Wmchester of ammonia (S G =0 888, B P ), and uas 
thus dduted with air to an extent depending upon temperature and other 
factors By analysis we found that approximately half the total 
volume m the syringe consisted of ammoma vapour For convenience 
we have expressed the dosage throughout m terms of the total volume 
of air-ammoma mixture mjected 

Since the lungs v ere ventilated by extrapulmonary negative pressure 
variations of constant magnitude (ca - 0 4 to - 9 cm H a O), broncho- 
motor responses were shown by changes m the tidal air, a reduction 
indicating bronohoconstnction and an increase bronchodilatation These 
changes have been expressed as percentages of the oxistmg control 
values, m order to compare quantitatively the responses of different 
longs which varied widely m respect of their normal ventilating capacity 
After experiment the lungs were examined for evidences of oedema, 
congestion and tissue haemorrhage Macroscopic observations uero 
checked histologically in most cases The area of tissue supplied by the 
bronchial vessel injection route was assessed by the injection of Indian 
,^k (in saline) at the end of perfusion 


Results 


. , ph 03( jene —In confirmation of Daly et al [1910], mo found that 
hos^ene produced bronchoconstnetion in the isolated perfused lungs, 
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preceded the bronohoconstriotion In addition, unlike phosgene, 
ammonia in the doses tested did not cause oedema, nor did it produce 
histologically evident bronchial desquamation, an effect which is 
characteristic of phosgene-treated lungs [see Daly et al , 1940] Further, 
in these isolated lungs ammonia did not appear to promote mucous 
secretion This may be related to the fact that the bronchial vessels 



Pi o 7 — The response of an isolated perfused dog lung to graded doses of air 

ammonia vapour 
Ordinate o c of inhaled vapour 
Abscissa percentage reduction in tidal air 

Inset A shows the actual effect produced by 20 c c of vapour and corresponds 
to the final point on the graph Note the early onset of spontaneous 
recovery The mechanical effect of tidal air reduction on the pulmonary 
arterial pressure is also well illustrated 

m these isolated lungs were not perfused except through back-flow of 
blood from the pulmonary vessels 

The administration of ammonia was followed by slight ohanges in 
pulmonary arterial pressure m some tests There might be a rise, or a 
fall, m the mean pressure, accompanied by an morease m pulse pressure 
None of the ohanges observed suggested anything otherthan a mechanical 
effeot secondary to the broncboconstnctor action of ammonia vapour 
We should also note that it did not produce any change m lung blood- 
volume Using the method described by Daly [1928], the lung blood- 
volume was measured m two experiments, and no change m this value 
occurred during severe bronchoconstnction due to NH 3 inhalation 
In an attempt to elucidate the mechanism of the bronchoconstnctor 
action of ammonia, further studies were made on lungs after treatment 
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followed by a marked loss of sensitivity to the same agent Tho effect 
was such that when a maximal dose had already been a dminis tered, a 
further inhalation of phosgene either had no effect or produced a 
reduction in tidal air of less than 10 per cent This may in part have 
been due to the fact that there was little or no recovery from the reduc- 
tion m tidal air which was produced by the initial gassing It was 
possible, however, that the excitable tissue, either nerve or muscle, on 
which the gas acted became insensitive, due to damage arising from 
phosgene itself 

The loss in sensitivity which occurred after one dose of phosgene, 
made it difficult to analyse the cause of the response The broncko- 
constriction might have been due to a direct action of phosgene on tho 
bronchial muscle, or to an indirect action by stimulation of mtra- 
pulmonary nerve tissue On the second hypothesis the effect should 
have been prevented by atropine, but tests with this drug, and nicotine, 
which gave similar results, were not wholly conclusive Thus m three 
lungs which had been atropimsed (blood concentration 1 in 100,000 to 
1 in 10,000), and in two which had been treated with mcotme (50 mg 
or more), doses of 20-30 mg of phosgene administered so as to ensure 
maximal effectiveness produced a reduction m tidal air of 7 to 10 per 


cent These responses were 4 to ^ of the response of the least reactive 
of the control series of lungs when tested m a similar manner This gave 
some support to the view that the bronchoconstnotor effect of phosgene 
is in fact mediated by exoitation of mtrapulmonary post-ganglionic 
neurones Nevertheless, in the absence of more satisfactory controls, 
the possible inhibitory actions of mcotme and atropine could not be 
regarded as proven For this reason it seemed more profitable to turn 
our attention to a study of the action of ammonia 

(b) Ammonia — The inhalation of ammonia also caused marked 
bronchoconstnotion in isolated dog lungs In 10 preparations, additions 


of 5 to 20 o c of ammonia-air mixture produced reductions m tidal air 
ranmn" from 5 to 98 per cent This variation was to a certain extent 
due°to differences in the sensitivity of the preparations, but in lungs of 
a mven sensitivity a correlation between dose and response was found, 
and the curve m fig 7 illustrates one such experiment Tho insot 
m fi(T 7 is from the same ox-periment and shons the reduction m tidal 
air effected by a dose of 20 c c of vapour, as veil as the first stages of 
recovery which followed 

The action of ammonia on the bronchi differed from tho more 
mmediate effects of phosgene in four respocts First there uns a 
pronounced latent period, varying inversely with the dosage of 0 27 to 
a ™, mites Secondly, recovery was a more noticeable feature of tho 
d nuuui. t j 10 rcs ponso could bo repeated at mteryals aithout 

response } t ’ on m sensitivity Finallj «c obsened that the 

a serious n.nhasio for slight bronchodilutation Hometunts 

response might be cupme, , 
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with ( a ) esenne, ( b ) atropine, (c) nicotine, (d) anthisan given either smgh 
or in combination The results are briefly summarised 

Esenne greatly potentiated thebronehoconstrictor action of ammonia, 
while, if a diphasic response were present, it became more pronounced 
Eig 8 shows a typical experiment m which eserme was given first to the 
nght lung, and then two and a half hours later to the left lung A 
striking potentiation is shown m this experiment (a) by the contrast 
m response to ammonia between the esenmzed and non-esermized lung 
with equal doses of vapour, and ( b ) the increase m response to ammonia 
of the left lung after the administration of eserme to it as well The 
same experiment shows the effect of atropine This drug reduced the 
response to ammonia in esenmzed lungs to an extent such that esenmzed, 
atropmized lungs reacted to ammoma in the same way as the untreated 
controls It must be emphasised that atropme did not dimmish the 
effects obtamed in imesermized lungs Thus in five tests on atropmized 
lungs, including the one illustrated in fig 9, the tidal air reduction ranges 
from 6 to 79 per cent (mean 29 per cent , doses of ammoma 4 to 14 c c ) 
Statistically there was no significant difference between this range of 
response and that obtamed in the untreated controls with comparable 
doses of ammoma These results refer to atropme given by either the 
pulmonary or the bronohial vascular route Had all the tests been 
confined to sub-threshold doses of ammoma given m the presence of 
eserme, it would have appeared that ammonia bronchoconstriction in the 
isolated lung was dependent upon the release of acetylcholine, since 
with such doses the response wa3 only observed in the presence of 
esenne With higher doses of ammoma, however, constnotion occurred 
without eserme This constnotion was unaffected by atropme, which 
indicated that another mechanism, m addition to the cholinergic one, 
was probably involved 

The effeot of nicotine alone, and m combmation with other drugs 
(atropme, esenne and anthisan), was tested m 18 observations The 
mam findings are summarised m Table III (see also fig 8) Nicotine 
did not appear to reduce the response except possibly under one con- 
dition, namely, when the lungs had been given eserme and atropine 
already, but its action was certainly not comparable with that of 
tronme Anthisan may also have reduced the bronchoconstnotor 
action of ammoma, but only slightly, even though the normal broncho- 
constrictor action of histamine was prevented by this drug There 
, nofc seem to be any question, therefore, that the response could 
h° been dependent upon the liberation of histamme-liko substances 
N 6 n"le one of the drugs mentioned, nor any combmation of the three, 
could wholly suppress the response to doses of ammoma of more than 

threshold values 
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In the first place, the potentiation of the ammonia response is of the 
same order as the potentiation of bronchoconstnction by acetylcholine , 
secondly, it persists long after (more than two hours) the broncho- 
constnction due to esenne itself has worn off Finally, it has been 
found (see fig 10) that potentiation is present while no potentiation 
of histamine bronchoconstnotion is demonstrable, a point which 
Peldberg (personal communication) has said he regards as deoisive 

Prom the foregoing it will be clear that we have no reason to imphcate 
a release of hista min e as the sole cause of the bronchoconstnctor action 
of ammonia vapour In the case of the phosgene experiments, measure- 
ments of the blood and plasma histamine before and after poisoning of 
isolated perfused dog lungs were made by Dr J Dekanski m four 
experiments He found that there were no alterations in the histamine 
content of the blood as the result of gassing, although the usual broncho- 
constnction was observed 

A comparison of the bronchomotor aotions of phosgene and ammonia 
has already been made They have the common property of bemg able 
to induce bronchoconstnction by local action on the lung, as distinct 
from any effects produced through the extrinsic reflexes which may 
he observed m intact animals So far as our evidence goes, it suggests 
that the two gases produce bronchomotor responses through similar 
mechanisms, hut the tissue damage which inevitably results from 
phosgene poisoning has made it impossible to carry the comparison 
any further 

Summary 

1 The reflex responses to inhaled phosgene or ammonia vapour have 
been observed m tracheotomised dogs, cats and rabbits, and the most 
important findings are 

(а) Ammonia and phosgene m high concentrations produce similar 

initial reactions, which are characteristic of each species and 
are mainly mediated by the vagi 

(б) The dog appears to possess an extra-vagal afferent system sensitive 

to such irritants, this system either bemg absent or much less 
sensitive m the cat and rabbit 

(c) Bronchoconstnction is apparently induced by both gases m 
the absence of the central connexions of the vagus 

2 From Btudies on the isolated blood-perfused lungs of dogs, it is 
found that 

(а) Bronchoconstnction is produced by inhalation of either phosgene 

or ammonia 

(б) The bronchoconstnctor action of ammonia is specifically 

potentiated by esenne, an effeot which can be reversed by 
atropine J 
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Two points concerning these results should be emphasised In the 
first place, it has been found that ammonia can produce broncho- 
constnction under conditions which exclude the participation of the 
extrinsic nervous system, a fact which does not seem to have been 
observed earlier It is analogous to the findings of Laqueur and Magnus 
[1921] on cats’ lungs, and Daly, Eggleton, Elsden and Hebb [1946] on 
isolated dogs’ lungs, that phosgene has a bronchoconstnctor action 
under these conditions, and is a factor which should be borne in mind in 
assessmg the whole animal’s responses to these gases m concentrations 
we have employed The second point concerns the potentiation of 
the response by eserrne Atropine has the power of nullifying any 
potentiation due to esenne, but cannot suppress the effect of greater 
than threshold doses of ammonia It would therefore appear that 
the response depends not only on the activation of nervous tissue with 
a consequent release of acetylcholine, but also upon a stimulation of 
the muscle itself mdependently of its innervation 

There are certain considerations whioh indicate that ammonia 
might well have an action both on nerve endings and on muscle It 
has been found in experiments recently carried out m this laboratory 
that ammonium chloride has an action similar to, though weaker than, 
that of potassium chloride m stimulating the perfused superior cervical 
ganglion of the cat, a result which is analogous to that found by Hermann 
[1923 a, b, c] on the adrenal medulla Potassium chloride itself has been 
shown (1) to release acetylchohne from preganghomo nerve endings 


[Brown and Eeldberg, 1936], and (2) to stimulate the post-ganghomo 
nerve-cells independently of the release of acetylchohne [Brown et al , 
1936] Further, in experiments on normal and denervated striated 
muscle [Altamirana et al , 1948], it has been found that the action of 
potassium ions is potentiated by esenne on the first but not on the 
second There is thus good reason to assign a double action to potassium 
chloride on normally innervated ganglia or striated muscle If, as it 
seems probable, the action of ammonia and potassium ions is similar, 
then the same explanation can be applied to the present expenments 
It should be noted here that the absence of any definite effect of nicotine 
on the response suggests that ammonia stimulation of nerve tissue, if it 
occurs is at a point peripheral to the synaptic junctions of tbo mtra- 


^^Ambache’s conclusion, however, that acetylchohne is liberated in 
tl cut by barium chloride and other agents becauso their action on 
, , ° tissue is potentiated by esenne, has been criticised by Feldberg on 
iSe crounds that the potentiation m such circumstances is not specific 
wilLt entering into the ments of Feldberg s arguments, it nmy bo 
W lth ° ^at these criticisms do not apply in tho present experiments 
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The members of the Editorial Board record with 
profound regret the death of their Chairman, Professor 
W H Newton, on December 20, 1949 When he 
came to Edinburgh m 1 948 as Professor of Physiology, 
he was faced with formidable problems as the head of 
a large Department at a time when the curriculum was 
being altered and structural changes m the building 
had become essential He nevertheless undertook with 
enthusiasm the added burden of editing this Journal, 
which seemed to be assured of continued development 
under his guidance His untimely death has been a 
severe blow to the Editorial Board of the Quarterly 
Journal of Experimental Physiology , as it has been to 
his colleagues in many other fields of work 




THE USE OE INULIN CLEARANCE AS A MEASURE OF 
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Introduction 

The proposition that lnulin is excreted in the urine solely by glomerular 
filtration, and that therefore its renal clearance is a valid measure of 
the filtration rate in man, was first advanced by Shannon and Smith 
[1935] Apart from evidence which relates to speoies other than man, 
the claim is based upon three types of observation [Miller, Alvmg and 
Rubm, 1940] (I) when tubular function is depressed by phlond/an, or 

when the tubular cells are saturated with glucose, ascorbic acid, etc , the 
clearances of a number of compounds approach the value of the inuhn 
clearance [Smith, 1937], (2) the inulin clearance remains constant 
when the plasma concentration of inulin is varied over a wide range 
[Shannon and Smith, 1935], (3) the endogenous creatinine clearance is 
equal to the in ulin clearance in man [Miller and Winkler, 1938, Brod 
and Sirota, 1948] Of these, the sine qua non for the acceptance of the 
validity of inulin clearance as a measure of the rate of glomerular 
filtration is the absence of any systematic variation m the magnitude of 
the clearance as a result of changes m the plasma concentration of znulm 
within wide limits 

Shannon and Smith [1935] claimed to establish the constanoy of 
the renal clearance of mulrn between plasma inulin levels of 50 and 
400 mg / 100 ml Since extrapolation of the straight hue which they 
constructed, relating the renal excretory rate of mulrn and the corre- 
sponding plasma levels, passed through the point of origin, they con- 
cluded that the independence of inuhn clearance and plasma levels still 
persisted at plasma levels below 50 mg /100 ml , and that the slope of 
the regression line represented the rate of glomerular filtration Shannon 
and Smith did not further attempt to dissociate errors m observation 
of renal clearance from systematic variations that might exist m the 
clearance of mulrn at varying plasma levels The method they employed 
m constructing the regression line relating the renal excretory rate to the 
plasma levels of mulrn was, apparently, one of visual approximation 
VOL- XXX.V, NO 4 — 1950 251 17 
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which, without offence to their data, permitted the lines to be drawn 
through the point of origin Any small deviation from the point of 
origin that might have been inherent m their figures would thus be 
obscured 

Shannon and Smith [1935], using the relatively crude analytical 
methods of those days, were unable to measure the renal clearance of 
mulin at low plasma levels Miller, Alvmg and Rubin [1940], however, 
with improved methods at their disposal, attempted to define the 
relationship between the plasma mulin and renal excretory rate at 
levels between 85 and 5 mg per 100 ml plasma, pointing out the 
inadequacies of the analysis of Shannon and Smith The experiments 
of Miller, Alvmg and Rubm were carried out both with plasma levels 
falhng after a smgle intravenous injection of mulin, and with levels 
kept constant by continuous intravenous infusion They claimed to 
confirm the findings of Shannon and Smith [1935] These results, the 
importance of which was emphasised by Shannon [1942], have led to 
wide acceptance of the statement that the slope of the fine relating the 
exoretory rate of mulin and the plasma level is a measure of filtration 
at all plasma levels Inherent in the use of the concept that the clearance 

uv 

of inulm is constant, and is equal to — , is the assumption that the 

regression hne relating the two variables passes through the point of 
intersection of the co-ordinates 

Recently, the authors [Robson, Ferguson, Olbnch and Stewart, 
1949] devised a method for the estimation of the average renal clearance 
of inulin from the slope of the falling plasma mukn concentrations 
plotted against tune In the course of this work, the clearance was 
measured during a number of successive periods, and it was observed 
(though it was not commented on m the publication) that the values 
for clearance tended to fall steadily as the plasma level fell The 
present paper consists of an analysis of these data along wuth other 
data from specially designed experiments 


Expebdiextal 

Source of Bata — Fifteen subjects in whom tho renal clearance of 
1 i had been determined were selected for tins analysis The solo 
on for inclusion in the senes w as that clearance had been determined 
Tmunmum of five consecutive clearance periods follow ing u singlo 
intravenous injection of mulin, the first period being at least twenty 

minutes after the i^ec^ ^ es0 su j, jec ts, clearances wero estimated for 

111 1 ic The clearance periods wero of 10 to 20 minutes’ duration, 
seven peno enmen ts the plasma level of inulm ranged from 

and durm„ . * j p our 0 f the subjects were normal health} 
64 0 to ^ 8 uig / AUU 
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individuals, the remaining eleven were eldorly patients suffering from 
varying degrees of essential hypertension, but who otherwise had no 
complaints 

Experimental Procedure — Data on some of the subjects has already 
been published [Robson, et al , 1949], and the preparation of the other 
subjects was as previously reported All subjects fasted overnight and 
were recumbent during the experiment, no breakfast was given, and a 
free flow of urine was established by allowing water to be drunk before 
the experiment Inulrn, dissolved in saline, was given as a single 
intravenous injection in amounts of approximately 120 mg /kg body- 
weight In each case the injection was completed in about five minutes 
Venous blood was removed at intervals of ten to twenty minutes for 
two to three hours after injection, urine was collected by catheter over 
periods of ten to twenty minutes for a similar length of time, the bladder 
being washed out with 20 ml saline after each collection The exact 
tune was noted for all operations Inulrn was determined in all plasma 
and urine samples by Cole’s unpublished modification of Steimtz's 
method [1938] 

Calculation of Clearance — For eaoh period the renal clearance of 
inulin was determined by dividing the mean rate of mulin excretion per 
minute by the estimated mean plasma level of muhn for the period 
The latter was read from a smooth curve drawn through the plasma 
muhn concentrations plotted against time The number of estimations 
of plasma muhn during the experiment permitted a good curve to be 
drawn easily Tho concentration seleoted was one ooournng 24 minutes 
before the mid-point of the clearance period 

Statistical Analysis of Data — On the basis of the olaims of Shannon 
and Smith [1935], and Miller, Alvmg and Rubin [1940], straight hues 
were fitted to the paired values of the rate of renal exoretion of mulin 
(uv) and the mean plasma levels (P) obtained from the smooth curve 
of plasma levels plotted against time, and selected 24 minutes before 
the middle of each period The method of least squares was employed 
The formula used is one where it is assumed that the weight of P/ weight 
of uv — cc, t e where the mdependent variable (here P) is free from error 
compared with uv Although this is not completely true, it is clear that 
errors m P are certainly small in relation to the errors m uv, since the 
values for P are taken from a smoothed ourve through seven to nine 
determinations of plasma muhn which are subject solely to errors of 
chemical analysis (S D 2 5 per cent ) The estimations of uv, however, 
are subject to errors not only of chemical analysis, but also m the 
estimation of the volume of urine voided m unit tune — a measurement 
based upon the collection of urine by catheter over periods of 10 to 20 
minutes This procedure is the largest technical source of error m 
clearance determinations 

The suggestion that the lag-time between filtration and the arrival 
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Table I — Values fob the Rate of Re vat. Excretion of Tvttttv the 
CORRESPONDING PLASMA InuLIN CONCENTRATION BEAU 2} Ml N PTE S BEFORE 
THE 3IlD POINT FOB EACH CLEARANCE PERIOD VALUES FOB CLEARANCE ARE 

Calculated from Clearance =uu/P Age, See and Blood Pressure of 
the Subjects are given 


Subject 

Sex 

Age, 

years 

BP, 
mm Hg 

1 WL 

M 

25 

146/95 

2 WS 

M 

28 

130/80 

3 MR 

P 

25 

120/70 

4 GM 

M 

70 

190/110 

5 WH 

M 

44 

140/90 

6 ML 

F 

83 

200/110 


82 190/100 


uv 

inulm, 
mg /mm 

P 

lnulm, 

mg /100 ml 
plasma 

C = uvlP 
ml /min 
plasma 

55 1 

30 5 

1807 

43 0 

23 5 

183 0 

29 9 

18 7 

159 9 

13 1 

10 5 

124 6 

11 1 

9 1 

121 5 

9 6 

80 

120 4 

7 9 

72 

109 7 

64 0 

37 0 

173 0 

40 1 

26 5 

151 3 

30 9 

21 0 

147 1 

16 4 

13 7 

119 7 

13 5 

12 0 

112 5 

12 0 

10 6 

113 2 

11 1 

9 7 

114 4 

56 6 

54 5 

103 9 

35 5 

37 7 

94 2 

29 2 

30 0 

97 3 

21 0 

25 3 

85 4 

18 0 

22 0 

818 

66 8 

56 0 

101 4 

35 4 

41 0 

86 3 

26 0 

32 5 

81 8 

21 0 

27 0 

77 8 

17 2 

23 0 

74 8 

14 5 

20 0 

72 5 

13 3 

18 5 

71 0 

57 1 

57 0 

100 2 

39 3 

39 0 

100 8 

20 3 

28 5 

92 3 

21 0 

22 0 

92 9 

16 0 

194 

82 4 

14 5 

10 S 

80 3 

11 0 

14 8 

74 3 

32 8 

39 5 

83 0 

24 3 

31 0 

78 4 

18 0 

26 8 

07 2 

17 5 

23 0 

70 1 

15 0 

20-2 

713 

10 2 

18 0 

50 7 

02 

10 5 

55 8 

39 0 

43 5 

89 7 

26 0 

31 0 

83 0 

17 9 

21 r > 

7J 1 

WO 

10 0 

00 3 

95 

14 0 

65 1 

7 8 

13 5 

57 8 

4 S 

12 2 

39 3 


7 ET 
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Table I — continued 


Subject 

Sex 

Age, 

years 

BP, 
mm Hg 

uv 

mul in, 
mg / min 

inulin, 
mg / 100 ml 
plasma 

8 BJ 

F 

62 

210/130 

> 36 7 

45 0 




22 1 

32 0 





17 0 

25 0 





14 0 

21 5 





12 2 

19 0 





10 8 

17 0 





8 7 

16 0 

9 RJD 

F 

75 

230/120 

37 8 

48 4 





26 0 

36 6 





18 9 

28 2 





13 9 

20 0 





11 1 

17 6 





9 5 

15 6 

10 if ar. 

F 

72 

250/140 

37 6 

47 0 





26 5 

34 0 





12 7 

16 0 





10 2 

13 7 





8 6 

11 8 

11 HL 

M 

75 

200/130 

33 5 

47 0 




29 1 

37 0 





23 1 

30 6 





18 6 

24 8 





14 4 

21 5 





13 5 

18 3 

12 JO 

H. 

75 

230/115 

28 9 

47 2 





20 5 

37 8 





18 3 

31 6 





16 0 

26 8 





21 2 

23 5 





88 

20 8 





7 4 

17 8 

13 CB 

F 

68 

220/126 

35 9 

62 0 





24 3 

42 0 





20 0 

31 6 





13 9 

25 5 





13 5 

22 5 





11 2 

20 5 





9 3 

18 8 

14 BJ) 

F 

65 

160/100 

25 5 

46 0 





19 1 

33 0 





13 2 

26 0 





10 3 

21 5 





9 8 

18 4 





82 

16 2 





6 6 

14 2 

15 JP 

F 

70 

220/120 

29 0 

53 0 





20 0 

40 4 





14 4 

33 0 





13 9 

27 8 





10 9 

24 0 





94 

21 0 





94 

18 6 


0 =uv/P 
ml /mm 
plasma 

81 6 
69 1 
71 6 
06 1 
64 2 

63 5 

64 4 

78 1 

71 0 
67 0 
60 5 
63 1 
60 9 
80 0 

77 9 

79 4 

74 5 

72 9 
713 

78 7 
76 7 

75 0 

67 0 

73 8 
612 
54 2 

68 1 

59 7 
47 7 

42 3 
41 4 
67 9 
67 9 
63 6 
54 5 

60 0 
54 6 

49 5 

65 4 
57 9 
60 8 
47 9 
63 3 

50 6 
46 5 
54 7 
49 6 

43 7 
60 0 
45 4 
448 
60 5 
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of the modified filtrate in the bladder is 6 min utes has been made by 
Bran, Hilden and Raasehou [1949], though the original estmiato of 
24 minutes made by Smith, Goldnng and Chasis [193S] appears well 
substantiated In view of this disparity of opinion, however, regression 
equations of uv upon P plotted against time were also calculated with 
values of P read 6 minutes prior to the mid-point of the period 

The significance of any deviation of the regression lines from the 
point of intersection of the co-ordinates was estimated from an analysis 
of variance about the regression and the statistic t Values of P 
(probability] were then read from Fisher’s table of t for n- 2 degrees of 
freedom [Fisher, 1941] 


Results 

Table I presents the results of the renal clearance of mulin for the 
individual clearance periods for the fifteen subjects The rates of 
secretion of inulin and the corresponding values for plasma mulin con- 
centration derived from the plasma inulin-tinie curve, 24 minutes 
before the mid-pomt of the period for which the values for clearance 
were calculated, are shown The ages in years and the blood-pressures 
of the subjects are also given With the exception of cases M M , C B , 
and H L , all subjects exhibit a steady fall m the renal clearance follow- 
ing the intravenous injection, the value of the last determined mulm 
clearance being from 16 to 56 per cent low'er than the value for the 
first clearance period in the same subject 

The nature of this phenomenon is, however, best observed in Tables 
II and III, m which the equations of the regression lines of uv upon P 


Tabu: II - 


-Linear Regression Lines, uv=aP- 
Experimental Data 


b, FITTED TO 


Subject 

1 IV L 

2 4V S 

3 JI.R 

4 G~M 

5 IV.H 

6 JIL 

7 ET 

8 BJ 
0 RD 

10 tur 

11 HL 

12 JO 

13 CB 

14 BJ> 

15 JP 
The values for P ore taken 

unne collection period uv is 
per 100 ml plasma 


uv—aP - 

uv = 2 073 P ■ 
uv = 1 937 P- 
uv = 1 175 P 
uo = l 144 P - 
uu = l 089 P • 
tie =0 999 P ■ 
uu = 1 050 P- 
= 0 924 P ■ 
=0 841 P- 
= 0 813 P - 
=0 781 P - 
uv = 0 772 P - 
=0 599 P - 
=0-000 P- 
=0 571 P- 


uv- 

uv- 

uv- 

UV -- 


uv =v 
uv =( 
uv =( 


■7 679 
9 245 
7 053 
9 215 

4 349 
0 855 
0 790 

5 002 
3 "S3 

0 7S9 

1 105 
5 319 

0 785 

1 785 

2 400 


Variance 

1 478 

2 234 

1 027 

2 770 

0 749 

1 090 
0 S00 
0 082 
0 728 

0 205 

1 080 
1 444 
1 022 

0 512 

1 270 


5 

5 

3 
5 
5 
5 
5 
5 

4 

3 

4 

5 
5 
5 
0 


Probability 

< 0 001 
< 0 001 

< 0 050 

< 0 010 
< 0 010 

0 010 
< 0 001 
< 0 010 
< 0 020 
< 0 200 

< 0 700 

< 0 020 
< 0 500 

0 050 
0 050 


2J minutes before tho mid point of tho currc.s{>omliiij, 
"expressed in mj, mulin per minute P in mj, mulin 
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Table HI — Linear Regression Lines, uu=ctP-6, fitted to 
EXPERIMENTAL DATA 


Subject 

uv—aP - b 

Variance 

n-2 

Probability 

1 WL 

uu = l 880 P -0 268 

1 628 

6 

<0 010 

2 WS 

uo = I 772 P -7 871 

1 423 

6 

< 0 001 

3 M.R 

ui) = 1 044 P - 4 980 

1 260 

3 

0 060 

4 GM 

uu = L 022 P -0 017 

1 492 

6 

< 0 010 

6 W.H 

tty =0 946 P - 2 199 

0 817 

6 

< 0 060 

0 M.L 

uy =0 920 P - 0 030 

1 632 

6 

< 0 020 

7 ET 

tty —0 884 P - 4 355 

1 473 

6 

< 0 010 

8 BJ 

tty =0 826 P - 4 036 

0 430 

6 

<0 010 

9 RD 

ttu=0 764 P -2 340 

0 213 

4 

<0 001 

10 MM 

uy =0 730 P - 0 020 

1 268 

3 

<0 700 

11 HL 

tty =0 732 P - 0 481 

1 991 

4 

0 800 

12 JO 

uy =0 672 P - 4 953 

0 863 

6 

0 020 

13 CB 

uy =0 581 P -0 789 

1 531 

4 

< 0 700 

14 BD 

uv =0 645 P - 1 047 

0 516 

6 

0 200 

15 JP 

uu=0 621 P - 1 664 

1 222 

6 

< 0 200 


The values for P are taken 6 minutes before the mid point of the corresponding 
urine collection periods Units for uv and P are as m Table II 


are given, and in figs 1 and 2, which illustrate the lines given in Tables 
H and HI respectively Table II includes the equations employing 



Mg. lnulin per lOOrol Plasma C“fO 

f IG I ~ Regression lines of ud upon P for fifteen subjects drawn from equations 
given in Table II Tho mean plasma inulm concentration (P) for each clearance 
ponod ■was selected 2J minutes before the mid point 

values of P derived 2\ minutes from the mid-pomt of the clearance 
period Table HI presents the equations of the lines recalculated 
employing values of P derived from the plasma mulm-time curve 
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6 minutes prior to the mid-point of the period The lines are given m 
the form uv=aP -b, where a and b are the constants calculated by the 
method of least squares That the lines do not pass through the point 
of origin is seen from the magnitude of the constant b for the individual 
subjects This constant has a value varying from 0 7S9 to 9 245 alien 
P is taken 2^ minutes before the mid-point of the period, and a value 



Fig 2 — Bcgresmon lines of uv upon P for fifteen subjects drawn from equations 
given in Tablo III Tho mean plasma mulm concentration (P) for each clearance 
period was selected 2$ minutes boforo tho mid jioint 


varying from 0 481 to 7 871 when P is taken 0 minutes before tho mid- 
point of the period The tables include the variances about the re- 
gression and the significance of the deviations of the constant b from tho 
point of origin Employing values of P taken 2\ minutes beforo tho 
mid-point, twelve of the fifteen subjects show a significant (P< 0 0.3) 
deviation of their regression lines from the point of origin, and the t test 
shows that, for the whole group, tho deviation is highly significant 
(i = 6 29) When the values of P are taken 0 minutes beforo tho mid- 
point "of the clearance period, the doviation is significant in ten of the 
fifteen subjects and highly so for the uhole group, since t=5 04, a Inch 
indicates P< 0001 In all subjects the value of b is positive 

Discuss^ of Results I 

It is clear from the results in general that, in the fifteen subjects 
studied, the regression of uv upon P does not pass through tho point of 
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origin Tins is so irrespective of whether values of P are taken 21 
or 6 min utes before the nud-pomt of the clearance period It may 
obviously be presumed that when there is no mulm in the plasma there 
is none m the urine, and therefore the results imply that the regression 
line is truly linear but does not pass through the origin, or that it is 
curvilinear in at least the part where P is small In either case it follows 
that the rate of excretion of mulm is not proportional to the plasma 
concentration selected as representing the mean concentration of 
mulm for the clearance period 



Irrespective of any interpretation imposed upon this result, it is 
possible to explain the fall in values of the renal clearance of mulm 

obtained by using the formula, Clearance =~ This is readily seen 

from inspection of fig 3 (diagrammatio), in which two points, A and B, 
representing two paired observations of uv and P at different values of 
plasma mulm concentratiou (P), are plotted in suoh a way that the 
extrapolation of the hue AB intersects the positive absoissa at C, and 

if continued would intersect the negative ordinate The function ~ 

represents the slopes of the line AO or BO according to the value of P 
used m the expression It is clear that the slope of any line estimated 
uv 

by the function — will progressively dimmish with smaller values of P 

and will correspond to the slope of ABC only when P is infinite 

In view of these findings, it is important to deoide whether the 
relationship between uv and P following a single intravenous injection 
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provides a true expression of tbe relation between the two variables, or 
whether the relation which is found is due to the method of administration 
and the dynamics of distribution throughout the body, including the 
kidney, rather than to the mechanism of excretion 

The original experiments of Shannon and Smith [1935] were per- 
formed on subjects who received a large intravenous injection of m ukn 
over a period of about 30 minutes, and the clearances were calculated 
from data obtained when the plasma concentration of mulin was 
subsequently falling rapidly, using values of P deter min ed at the mid- 
point of the clearance period That the data from these experiments 


. uv 


could be held to indicate constancy of the value of — appears to be due 


to (a) the high plasma inuhn levels, ( b ) the use of direct plasma inuhn 
determinations by a relatively crude method rather than values from 
a smooth curve, and (c) the visual fitting of the regression line All of 
these factors tend to obscure the small deviation from constancy winch 
we have regularly found On the other hand, Miller, Alvmg and Rubin 
[1940], working with a plasma inuhn range similar to our own, using an 
accurate method of determining inuhn, and taking values for P corre- 
sponding to the mid-point of each period from a smoothed curve, did 
not find the inuhn clearance to fall regularly with falhng plasma inuhn, 
their results being equivocal, they found a steady fall m one case 
(A W ), a steady rise in another (L B ), and m three oases, in wluoh the 
variance about the regression line wluch we have calculated from their 
published data was large, there was no definite trend in either direction 
It must be confessed that w r e can offer no satisfactory explanation of 
this discrepancy, especially as the use of P values taken at the mid- 
point of the clearance periods would exaggerate the tendency we havo 
found for clearances to fall with P 

At tlus stage it seemed just possible that a single injection of inuhn, 
by producing different concentrations m the arterial and venous blood, 
might itself be the cause of the apparently varying relationship between 
the plasma concentration of inuhn (P) and the amount excreted per 
minute (uv) The method of intravenous infusion ensures that tlio 
arterial and venous concentrations of inuhn are equal [Brun, Hilden, 
Raaschou, 1949], since the rate of infusion is normally adjusted to 
approximate the rate of excretion When the single injection technique 
1S employed this no longer holds, and it is possible that the sampling of 
venous blood may introduce an error into the calculation of clearance 
Since the kidney receives arterial blood, the magnitude of any error so 
introduced would be represented by the arterio-venous difference in 
inuhn concentration In the following seotion the possible magnitude 
of this error is investigated and discussed 
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Investigation or the Arterio-venous Difference 

The arterio-venous difference of plasma miitm concentrations was 
investigated m five subjects following a single intravenous injeotion of 
inuhn All subjects were elderly and suffering from varying degrees of 
essential hypertension In addition, case W P liad undergone a supra- 
pubio oystostomy for benign enlargement of the prostate 

Experimental — The subjects were prepared as described m the 
preceding section A single intravenous injection of inulrn dissolved 
in saline was given in amounts of approximately 120 mg /kg body- 
weight Starting about 20 minutes after injection, arterial and venous 
blood samples were obtained at intervals of about 20 minutes Five 
to seven pairs of suoh samples were obtained for each case Venous 
blood was obtamed from a vein in the cubital fossa, and arterial blood 
was withdrawn from the femoral artery just below the inguinal ligament 
An in dwelling cannula was not used In addition, two samples of unne 
were obtamed approximately 30 and 100 minutes after injection This 
permitted an estimation of the average renal clearance of inuhn to be 
performed, using the method of Robson ef oZ [1949] All operations 
were accurately timed, and the inulm concentration of all samples was 
determined by the method already indicated 

Results — Since venous and arterial blood samples were obtamed at 
slightly different times m the same subjeot, direct comparison of the 
two concentrations was not possible Accordingly, all venous concen- 
trations were plotted against time, and a smooth curve constructed 
through the points by visual approximation The artenal concentra- 
tions were then plotted on the same graph, and were oompared with the 
venous plasma concentrations read from the smooth curve at the times 
of the artenal estimations In this way five to seven estimations of 
arteno-venous differences were made in each of the five subjects 

The results are shown m fig 4, and the arteno-venous differences 
calculated at the times of the artenal estimations are given in Table IV 
From the figures it is seen that there is almost complete superimposition 
of the artenal concentrations upon the curve drawn through the venous 
determinations 

The average arteno-venous difference for each individual vanes 
from + 1 per cent to - 3 per cent Although in one or two instances 
the difference is as great as 9 per cent , the claim that the artenal con- 
centration of inuhn is at least proportional and, indeed, very nearly 
equal to the venous level throughout the duration of the experiment, 
following a single intravenous injection, may be made from an inspection 
of fig 4 alone The individual estimations of the differences between 
artenal and venous blood suffer from the fact that the errors of analysis 
m two independent estimations may be additive, though the effect of 
this is minimised by the smoothing of one set of results Estimates 
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of the renal clearance of inulm m these subjects are also given m 
Table IV 

Discussion — The discussion of these results will be confined to the 
relation they bear to the phenomenon of the systematic decline in the 
magnitude of the renal clearance of muhn following a single injection, 
and described in the preceding section It is clear that any absolute 
difference between the concentrations of inuhn m the venous plasma and 
in the arterial plasma will affeot the value for clearance by the magnitude 
of that difference*. The slopes of the regression lines of uv upon P iv ill 



p- I0 4 Tlio arterial and venous plasma rnulin concentrations plotted semi 

logarithmically with time following a smglo intravenous injection in five subjects 
Tho injection was given at timo=0 Tho unbroken lines were drawn b) visual 
approximation through tho individual venous plasma mulm determinations 
The broken hno is drawn for ono subject only through tho individual arterial 
plasma determinations 


accordingly be modified In view of the results, the modification is 
sb"ht and almost beyond the precision of the estimation Under these 
circumstances, the points at winch the regression lines cut the ordmato 
m the fifteen subjects previously described w ill not bo affected, since these 
Dornts ( b ) correspond to negative values of in when P = 0 The inter- 
section of the abscissa! by the regression lines w ill be proportionately 
ratified but this is not relevant to tho present problem It may be 
concluded, therefore, that differences between the venous and arterial 
concentrations of muhn, following the smglo injection of malm, do not 
explain the fall observed in the clearance of muhn with falling plasma 

concentrations 
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Observation on the Renal Clearance of Inulin Employing 
Continuous Infusion 

The disparity between, on the one hand, the claims of Shannon and 
Smith [1935], and of Miller, Alvrng and Rubin [1940], relating the renal 
excretory rate of inulin and the plasma concentration, and, on the other 
hand, the conclusions which are apparent from our own data, employing 
a smgle intravenous injection of inulin, suggested the need to investigate 
further the relationship between the two variables when inulin is given 
by continuous infusion In this way the influence of the method of 
administration is changed, m so far as it affects the dynamics of distri- 
bution through the body The use of the continuous infusion technique, 
unfortunately, makes it more difficult to interpret variations in the 
clearance values than when the smgle injection method is used Varia- 
tions in the ratio uvjP are the result of variations either of the numera- 
tor or denommator or both, and errors m P cannot be minimised by 
smoothing of determinations Furthermore, the plasma concentration 
of inulin cannot be maintained absolutely constant by continuous 
infusion, especially when higher concentrations are being employed 
These difficulties are to some extent overcome by considering, at each 
approximately constant plasma level, the average of three or four 
consecutive clearance determinations If this is done, the effect of 
errors m collection of urine at the individual clearance periods will 
tend to disappear Even so, statistical examination of the results is 
difficult, and is best confined to simple comparison of means of several 
clearance determinations, with the knowledge that the standard devia- 
tion of the determination of the renal clearance of inulin by the infusion 
technique has been estimated to be about 8 per cent (Smith, Goldrmg 
and Chasid [1938] found 8 9 per cent , and Olbnoh, Ferguson, Robson 
and Stewart [unpub data] found 7 0 per cent ) 

Experimental — Three volunteers of ages 49, 58 and 70 years respec- 
tively were used for the experiments They suffered from varying 
degrees of essential hypertension, but were otherwise active and m good 
health Two types of experiment were performed 

In all three subjects, following pruning injections of mulm (60-80 ml 
10 per cent ), a continuous infusion of inulin was maintained for a 
penod of about 90 minutes Three or four clearances were determined 
during the last 60 minutes of this period, after which the infusion was 
stopped for a further 30 minutes The infusion was then restarted at a 
slower rate for another 90 minutes, during the last 60 minutes of which 
three or four clearances were determined In two of the subjects the 
infusion was again interrupted for 60 minutes, and again restored at a 
still slower rate, when after an interval of 20-30 minutes three or four 
clearances were determined 

The second type of experiment was performed on one of the above 
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subjects two weeks after tbe first experiment Here tbe reverse pro* 
eednre was adopted, consecutive clearances being determined at each 
of three levels of plasma mulin, which were progressively raised from 
lower levels A priming injection of 10 ml 10 per cent mulin was 
given and the infusion commenced at a slow rate After about JO 
minutes three consecutive clearances were determined , a second pruning 
injection was then given (20 ml 10 per cent ) and the infusion was con 
turned at a slightly mcreased rate After about 30 minutes another 
three clearances were determined The procedure was repeated follow* - 
mg a third pruning injection (50 ml 10 per cent ) and a further tliree 
clearances were determined, the infusion being administered at a steady 
high rate In all these infusions the rate was that calculated to give a 
constant plasma mulin level 

The mulin infusion fluid used m these experiments was as described 
by Goldrmg and Chasis [1944] Clearance periods were of 10 to 20 
minutes’ duration, and venous blood samples w r ere withdrawn 2] minutes 
before the beginning and 2\ mmutes before the end of each period 
The mean plasma concentration of these tw*o samples was employed m 
the calculation of clearance for the period The bladder was washed 
out with 20 ml normal saline at the end of each period All operations 
were timed, and mulm was determined m all samples by the method 
already mdicated The preparation of the subjects was as described 
in preceding sections All subjects were recumbent during the 
experiment 

Besults — The results of these experiments are given in Tables V and 
VI Table V presents the data relative to subject C M , upon whom 
estimations of the renal clearance of mulm were determined both at 
diminishing levels of plasma mulm concentration, and with lovols 
mcreased stepwise by repeated pruning injections 

The individual plasma mulm concentrations and the values of 
clearance for each period are shown, along with average values at each 
of the six plasma levels During diminishing levels of plasma mulin 
there is a definite and steady diminution in the magnitude of the mulin 
clearance The average clearances at the lower levels are 9 and 12 per 
cent lower than at the highest level respectively In the experiments 
with rising levels of plasma mulm concentration there appears a steady 
definite rise in the average values for mulm clearance The two low or 
levels of plasma mulm provide clearances respectively 2G and 12 per 
cent lower than the third clearance at the highest lovcl investigated 
Furthermore, considering tho two senes together, the results which 
ist of data from 22 clearance periods performed upon one subject 
C ° n * different levels of plasma mulm, provide evidence of a direct 
a Gence of the renal clearance of mulm upon the plasma eom.cn- 

f 6 ' 1 For this subject individual values of ut are plotted against P 
tration ^ addition to tho results of the experiment, outlined 

m Dg 
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Table V — Subject CM, 70 Years BP 175/100 mm Hg The Renal 
Clearance of Inulin Determined at Different P l as m a Levels of 
Inulin, bach Level being maintained approximately Constant by 
continuous Intravenous Infusion of Inulin 

Determinations at dimimslimg Determinations at increasing 

plasma levels plasma levels 


Plasma inulin cone 
mg /100 ml 

Plasma inulm 
’ clearance, 

ml /minute 

Plasma inulin cone 
mg / 100 ml 

Plasma mulm 
' clearance, 

ml /minute 

96 0 

100 7 

16 5 

71 7 

87 7 

108 3 

14 3 

68 2 

90 0 

106 5 

13 7 

113 1 



13 6 

79 7 


Average 106 2 


Average 83 2 

, 79 0 

101 8 

443 

96 5 

79 0 

910 

42 3 

100 6 

79 0 

94 9 

46 1 

98 3 



Average 

96 9 


Average 98 5 

440 


92 0 

102 2 

112 1 

46 6 


92 7 

102 5 

126 2 

46 6 


94 0 

108 6 

99 6 




115 2 

111 6 


Average 

92 9 


Average 112 4 


Table VI — The Renal Clearance of Inulin Determined at Different 
Plasma Levels of Inulin, each Level beino maintained approximately 
Constant by Intravenous Infusion of Inulin Determinations were 
made at Diminishing Plasma Levels 

Subject W R , 49 years. Subject J C , 68 years, 

BJ> 146/105 mm Hg BP 160/100 


Plasma mulm cone 
fag /100 ml 

Plasma mulm 
’ clearance, 

ml /minute 

Plasma mulm cone 
mg /100 ml 

Plasma mulm 
’ clearance, 

ml /minute 

70 8 

153 1 

88 0 

99 6 

76 1 

170 4 

84 7 

103 6 

72 3 

149 4 

84 0 

84 6 

73 2 

161 1 

86 2 

88 4 


Average 166 0 


Average 94 0 

62 3 

133 3 

33 3 

76 3 

63 3 

137 1 

30 3 

96 7 

61 6 

138 2 

26 1 

87 0 



24 4 

91 4 


Average 136 2 


30 3 

146 6 


Average 87 6 

30 0 

144 0 



20 3 

129 0 




Average 139 8 
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bere, includes 6 other clearance periods obtained about IS months 
previously, both by the single inaction and the continuous infusion 
method The lines drawn were constructed by the method of least 
squares, line B including all the points, and line A only those with P 
above 70 mg /100 ml 

The results obtained in the other two subjects (W R and J C ) are 
given in Table VI In subject W R the average clearances determined 
at the two lower plasma inulin levels are 13 per cent and 10 per cent 



Fig 5 — Subject C M Voluea for tlio rate of mului ej.crotion (iw) plotted 
against \ alues for plasma inulin concentration (P) 

lower than the clearance determined at the highest level The clearances 
determined at levels of about 50 mg /100 ml are, how ever, not ver> 
different from the clearance average determined at 30 mg /100 ml 
plasma In subject J G only two plasma levels were studied, at each 
of which four clearances were determined, and the average clearance of 
in nlin at the higher level of plasma inulin w as 7 per cent more than the 
average clearance at the lower level 


Discussion 

The results obtained in the four experiments on those subjects m 
whom the renal clearance of inulin was measured at \anous lo\els of 
plasma mulin concentration, maintained approximately constant b> 
continuous infusion of inulin, are m general agreement with the results 
obtained using the single injection method of administration Between 
the limits of plasma inulin concentrations studied and on the basis of 
the claims of previous workers [Shannon and Smith 1935], straight lines 
rfvnresentine the first approximation to the definition of the relationship 
between the variables and P were constructed The method consisted 
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simply of averaging the determinations of uv and P at the highest and 
lowest limi ts at which the determinations were made, and obtaining 
the slope of the lines between these points by direct calculation The 
points of intersection of the extrapolation of the lines on the ordinate 
( uv ) are then easily obtamed The results of this calculation are shown 
in Table VII The points of intersection of the lines upon the ordinate 

Table Vli — The Points or Intersection on the Ordinates (mu) and the 
Slopes op the Lines Relating the Rate of Inulin Excretion in the 
Urine (mu) to the Corresponding Plasma Inulin Concentration ( P ) 
for the Subjects given in Tables V and VI The Method of Calcu- 
lation is given in the Text 


Subject 

Slope 

Pomt of intersection 
on negative ordinate 

CAI 

1 218 

-14 28 


1 167 

- 4 855 

WR 

1 070 

- 8 30 

JC 

0 975 

- 2 91 


vary from -29 to -143 These amounts are of the same order of 
magnitude as the values calculated by the least squares method from 
data obtamed following a single injection of inulin The points of 
inter section are all negative, and the phenomenon of the smaller renal 
clearance of mulrn with smaller plasma concentrations is apparently 
agam due to the fact that the line truly representing the relationship 
between the two variables is either a curvilinear one passing through 
the ongm, or (within the range studied) is linear but does not pass 
through the ongm The slope of a straight line from any point (P, uv) 
experimentally determined, to the intersection of the co-ordinates 
(l e uv/P), will agam, for reasons already discussed, depend upon the 
level of P selected, and will show a tendency to fall as the plasma con- 
centration of mulrn approaches nothing 

The findings of Miller, Alvmg and Rubin [1940], m so far as they 
relate to the continuous infusion technique, are consistent with our own 
results, though the emphasis we place upon them is of a very different 
order Omitting from consideration subject M F of Miller, Alvmg and 
Rubin [1940], because only one clearance period was studied at the high 
level of plasma mulrn concentration, the percentage difference between 
the average values obtamed for renal clearance at the high plasma level 
and the average values obtamed at the low plasma level of mulm was 
calculated, and the results are shown m Table VTTT Apart from 
subjects B H and A T , the average clearances are lower at the low 
plasma mulrn levels by amounts comparable to our own results Subject 
A T , m whom the average clearance at the low plasma level is 35 per 
cent higher than the average clearance at the higher plasma level, has 
a very severely depressed function Furthermore, the result is dubious, 
since the values for clearance at the same plasma level of mulrn show a 
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Table VTH —Data of ALxleb, Aivino and Rubin [1940] Results of Inulin 
{Clearance obtained using continuous Infusion of Inulin at different 
Levels of Plasma Inuun Concentration 



Plasma muhn 

dSTumbor of 

Average 


Case 

concentration. 

clearance 

muhn 

Percentage 


mgm per 100 ml 

periods 

clearance, 
ml per mm 

difference 

DJE 

46- 46 

2 

110 5 

-13 


47 6 - 66 1 

3 

125 3 


ar.B 

9 9-10 9 

o 

114 0 

-11 


945-964 

2 

128 0 


BE 

33- 36 

2 

121 0 

-15 


45 7 - 50 9 

2 

142 0 


BJI 

57- 57 

2 

115 0 

+ 4 


12 4-13 9 

o 

105 0 

- 5 


32 7 - 36 9 

2 

111 0 


LAI 

42- 45 

3 

86 1 

— 22 


38 0-49 7 

3 

110 2 


VS 

47- 48 

2 

86 5 

-17 


64 8 - 70 9 

2 

103 6 


ES 

4 1-44 

o 

57 5 

-14 


100-11 4 

2 

61 5 

- S 


70 2-71 8 

2 

60 5 


AT 

69- 80 

3 

17 6 

+ 35 


82 5-85 2 

3 

13 0 


M.C 

74- 77 

3 

20 0 

- 0 


61 2-67 1 

3 

22 0 



variation of 31 and 36 per cent at the two levels — a variation which is 
larger than m any of the other subjects and which renders the comparison 
of the average clearances at the two levels questionable 

Miller, Alving and Rubin [1940] interpreted their results ns indicating 
no tubular reabsorption of muhn in the majority of these subjects, 
although they admitted the possibility of very slight reabsorption 
(about 1 mg / nun ) in pome of their cases This amount is estimated 
bv assuming that the highest value for clearance represents tho rate of 
Glomerular filtration, and that the lover clearance at lower lovels of 
miasma inulin concentration is due to reabsorption by tho tubules 
Although they attempt to justify tins procedure on tho grounds that if 
tubular 3 reabsorption of muhn occurs it wall oboy tho general ruJo of 
bular behaviour and reach a maximum amount which is independent 
f the plasma level of inulin, the amount the> calculate would in fact 
01 - nt the amount reabsorbed bv tho tubules at inulin levels of tho 

repre^e ^ ^ ^ ^ p rovu l e d there was indeed no reabsorption at tho 
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higher levels If tubular reabsorption of inulin does occur, and if it 
obeys the laws of tubular function which have been claimed for many 
other substances, the amount reabsorbed at the high levels of plasma 
inulin will be maximal, and may be much greater than the amount 
reabsorbed at levels of the order of 5 mg / 100 ml plasma 

It is clear that, within the framework of the filtiation-reabsorption 
theory of renal function, the slope of the line relating the rate of exoretion 
of inulm and the plasma inulin concentration is the best estimate of a 
constant proportionahty between the two variables at present available 
If this slope is interpreted as representing the rate of glomerular filtra- 
tion, the point of intersection of the line with the ordinate (uv) repre- 
sents the average influence of the tubules upon the filtered inulm between 
the levels of plasma inulin over which the hue was determined 

The fact that the intersection occurs at a value for uv that is negative 
indicates that, on this theory, the tubules reabsorb inulin at a rate 
which, for the three subjects studied by the infusion method, ranges 
from 2 9 to 14 3 mg muhn/minute, amounts which are of the same 
order as those calculated for subjects studied by the single injection 
method 

If this procedure is adopted with the data obtained by Miller, Alvmg 
and Rubin [1940], usmg the infusion method, the straight lines calculated 
from the two extreme plasma levels of inulm are found to intersect the 
ordinate {uv) at from 0 2 to - 2 mg This represents a degree of re- 
absorption whioh is less than is shown m our experiments either with the 
single injection method or the infusion technique This disparity is 
probably due to the use, by these authors, of very low values of P 
(c 6 mg mulin per 100 ml plasma) which, whatever the true form of the 
hue uv=f{P), would affect the slope of a straight hue designed to fit the 
experimentally determined points 

Genebal Discussion 

The dependence of the renal clearance of inulin upon the plasma 
inulm concentration has been demonstrated by the results of experiments 
by both the infusion and single injection methods The general corre- < 
spondence between the results obtamed by these two methods indicates 
that the relationship between the rate of renal excretion of inulin and the 
plasma concentration is not one of direct proportionahty, but that the 
hue representing the relationship of the two variables is either a straight 
hue which does not pass through the origin, or a curvilinear one winch 
passes through the point of origin and winch possesses a form such that 
the first differential coefficient of uv with respeot to P increases with 
an increase in P 'The mode of construction of the hue uv = aP — 6 and 
the absence of values for uv at very low plasma in ulm levels prevent 
a definite choice between these possibilities Under these circumstances 
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tbe systematic fall observed in the value for the renal clearance of inuhu 
with falling plasma levels is explained 

The published hterature contains remarkably bttle concerning thi 3 
phenomenon Am ong the large number of workers who have employed 
the smgle injection technique, apparently Josephson and Lrndahl [1043] 
alone report the phenomenon, stating that, following a single injection 
of mukn, the first two clearances measured after the injection are 
“statistically higher” than the values found during the third period 
The results of Miller, Alving and Rubm [1940] by the infusion technique 
are compatible with our own, although, after considering the possibdity 
of mulin reabsorption, they concluded that the amount must be neghgibly 
small, their results by the smgle injection method did not show a 
regular fall of inulin clearance with falling plasma mulm, and no satis 
factory explanation of their disagreement with our results can bo 
offered 

The analysis summarised in Tables II, III and VII establishes the 
absence of a strict proportionabty between the variables uv and P 
The results may be considered with reference to two fundamental 
possibilities either (1) inuhn is completely filtered by the renal glomer- 
uli and is neither reabsorbed nor excreted by the tubules, so that the 
inuhn clearance is a measure of the rate of glomerular filtration, or (2) 
the renal clearance of mulin is not a measure of the rate of glomerular 
filtration 

On the assumption that inulin is completely filtered by the renal 
glomeruli and is subsequently unaffected by tubular activity, the 
relationship between uv and P should be given by the equation 
uv=AP, so that any other relationship (closely approximated by 
uv = aP -b over the range studied) must necessarily represent a dis- 
tortion of the true relationship between the variables Experiments 
have shown that the sbght difference which exists between tho 
concentration of inulin in arterial and venous plasma is not tho 
source of this hypothetical distortion It is possible, on tho other 
hand, that mulm m the body or urine undergoes a change, either to a 
compound which would not be estimated by the method of analysis, or 
to one (e g fructose) which would contribute its complement of colour to 
the total colour reaction Under the latter circumstances there is no 
reason to believe that the rate of excretion of tlus derived compound 
would bear the same relation to its blood concentration as that obtaining 
for mulm It must, however, be admitted that there is no extant 
evidence which lends support to either possibility On tho contrary, 
the weight of evidence [Joseplison and Lindhal 1943, Smith, 1937] 
indicates that inuhn is not destroyed m the body and is completely 
excreted in the unne Further, correspondence between tho results 
tamed by using the smgle injection aud the continuous infusion 
ods excludes the possibility that the relationship found is tho 
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result of the dynamics of distribution of muhn after injection peculiar 
to one mode of administration It has been shown that, following a 
single injection of mulrn, equilibration between the plasma and the 
extravascular volume of distribution of muhn does pot occur [Robson 
et al , 1949] That equilibration throughout the entire volume of 
distribution is attained during the normal period of continuous infusion 
is now doubtful m view of the reports of Guadino and Levitt [1949] 
However, the uniform insignificance of the difference between the 
arterial and venous mulrn concentrations during the experimental 

7.1V 

period shows that the value of — is not affected by the non-equihbnum 

between plasma and extravascular fluid, even although there is a 
varying rate of muhn exchange between these two fluids — provided the 
exchange indicated by the arterio-venous difference in the general 
circulation truly represents the exchange in the kidney itself, and 
provided that the plasma is the sole source of the renal mulm These 
provisos cannot be tested experimentally by methods at present avail- 
able, but they are a •prion sufficiently probable to justify the conclusion 
that a more likely interpretation of the inconstancy of muhn clearance 
must he sought 

The results are more satisfactorily interpreted on the basis of the 
second assumption that the renal clearance of muhn does not measure the 
rate of glomerular filtration Accepting the filtration reabsorption theory 
of renal function m general, the relationship we have found between 
the plasma concentration of inulin and the rate of its renal exoretion 
indicates the participation of the tubules m the removal of the substance 
from the body If the true relationship is linear and represented by 
uv=aP~ b, this is clear, and the intercept on the horizontal axis perhaps 
represents the value of P below winch the whole of the filtered nuilm 
is reabsorbed by the tubules If, however, it is curvilinear, the position 
is analogous to that of glucose and ascorbio acid, and since the similar 
curves given by these substances are generally interpreted as resultants 
of glomerular filtration and tubular reabsorption, that given by mulm 
may well be interpreted m the same way, the amount of reabsorption 
bemg, however, relatively small 

If this be aocepted, the slopes of the regression lines relatmg uv to P 
may then be considered to be the nearest approximation to the rate of 
glomerular filtration, since they represent the nearest approximation 
to the constant of proportionality between the two variables over the 
range studied The assumption implied m this view is that the amount 
of muhn reabsorbed is constant and is independent of the plasma 
concentration of muhn above a certain critical value, and that the 
regression hue is constructed for muhn concentrations greater than this 

It should be noted that below the “critical’' value of P the amount 
of mulm present m the glomerular filtrate may be completely reabsorbed. 
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in this case the linear relation between uv and P, shown in figs 1 and 2, 
is the true one If, however, the relation between uv and P is curvi- 
linear, the most likely interpretation is that at low levels of P reabsorption 
is submaximal and functionally related to P, becoming maximal and 
constant when P exceeds some undetermined level 

In the experiments described in this paper, the data afford no means 
of determining the hypothetical critical level for the plasma mulin 




Fxo 0 — Values for the rate of mulin excretion (ut>) plotted ugainst values for 
plasma mulin concentration ( P ) in six of the subjects Tho regression lines 
given in Tablo U are also drawn for tho subjects. 


concentration, that it is probably below 15 to 20 mg per 100 ml m 
most cases is strongly suggested by the diagrams given by plotting tho 
individual uv values against the corresponding values for P and drawing 
the calculated regression hue (fig 0), or from the data supplied m Tables 


II TIT , V and VI 

’ In any case, the amount of reabsorption indicated by the intercept 
on the uv axis is minimal, since tho use of values of P below tho critical 
level would tend to reduce it 

Interpreting the line relating uv to P as representing reabsorption 
f mulin does not, however, necessardy involve accepting tho concept 
f n fived reabsorptive capacity for inuhn at any plasma inulm level 

la ’rZnts If. ho».ver, .t bo *uppo«=d time at .11 lowb, 

a functional relationship between amount reabsorbed and plasma 
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concentration, 1 it becomes impossible to make any estimate, however 
crude, of either the glomerular filtration rate or the amount reabsorbed 

Evidently it is possible to interpret the results by supposing that 
some inulm is reabsorbed by the tubules The considerations leading to 
this interpretation are based on the assumption that all the inulm 
appeanng in the urine is derived solely from the plasma It is, however, 
possible that the tubular cells gam inulm directly from the extra vascular 
fluid and excrete it mto the tubulai lumen, if this were happening, the 
results of inulm clearance measurements could be obtamed either as a 
resultant of this process and reabsorption (superimposed on glomerular 
filtration), or by glomerular filtration supplemented by this form of 
excretion alone 

In the latter circumstances the phenomenon of falling mulm clearance 
with falling plasma level of mulm would occur only if the increment 
added to the urine from the extra vascular fluids was not proportional to 
the plasma level, but was diminishing at a rate progressively greater 
than the rate of disappearance of mulm from the plasma For it is only 
under such circumstances that the urinary mulm per unit plasma 
concentration would fall There is no direct information in regard to 
the renal extravascular fluid concentration of mulm following adminis- 


tration However, the continuous increase m the volume of distribution 


of muhn i defined as — ) lollowmg a single injection 

\ plasma concentration/ 

[Robson et al , 1949] indicates that the average concentration of mulm 
in the extravascular volume of dispersion falls more slowly than the 
plasma concentration Hence, on the basis of this mdireot evidence, it 


total muhn m body 


following a single injection 


is unlikely that such a rapidly diminishing increment of muhn from the 


extravascular compartment to the lumen does occur or is the explanation 
of the phenomenon 

It is obvious that the position with respect to the co-ordinates of the 
line relating uv to P can be considered in another way We have con- 
sidered the negative intercept of the uv axis, and have concluded that 
the existence is most easily interpreted by supposing it to be due to 
tubular reabsorption of mulm This interpretation is baaed not only 
on the acceptance of the orthodox theory of renal excretory mechanism, 
but also on the assumption that the amount of muhn excreted in the 
urine during an infinitesimal period of time is derived from the plasma 
2 Jr or 6 minutes previously This may be wrong, the intercept 
may really be an artefact due to an error in the mode of relating 


uv to Pin time If one accepts the view that — is constant for all 


1 This, m view of the behaviour of other substances, is unlikely, and the least 
unlikely relationship, a direct proportionality between amount reabsorbed and 
plasma mulm concentration, would give a straight line passing through the origin 
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values of P, then the positive intercept on the P axis (OC m fig 3) shows 
the existence of an error, and it is necessary to suppose that°the “lag” 
between P and uv is not 2i or 6 minutes but much more The available 
evidence derived from the dependence of uv upon P in inf usion experi- 
ments, and upon measurements of the appearance in the urine of djes 
injected intravenously, so strongly suggests the validity of the shorter 
time used by ourselves and other observers, that we adhere to the view 
that our results indicate tubular reabsorption of inuim, admitting, how - 
ever, that this adherence is based on our estimate of probabilities rather 
than on conclusive proof 

The whole of this discussion has been based on the view that the 
orthodox filtration-reabsorption theory of renal function is fundamentally 
correct This, conceivably, may not be the case, but the evidence m 
favour of the theory is so strong [Smith, 1937] that tins remote possibility 
need not seriously be considered What does seem likely is that sub- 
stances which are completely uninfluenced by tubular activity may be 
more ideal than real 

The results which we have described for inulin between plasma 
levels of about 15 mg / 100 ml and 100 mg /100 ml , using the 
single injection and infusion methods, show considerable resemblance 
to the results obtained by many workers with exogenous creatinine 
[Winkler and Parra, 1937, Findley, 1938, Cope, 1931, Dominguez 
and Pomerene, 1934] This extends to the phenomenon, not included 
m the results presented earlier m this paper, of a rise in the 
clearance of mukn following a second injection of the substance 
This has been found true for creatinine by Shannon and Ranges 
[1941], and we have regularly observed it m the case of mulm The 
marked depression of the clearance of creatuune following extreme 
elevation of the plasma concentration, v'hieh is interpreted as an mdica 
tion of tubular excretion, does not appear to find a parallel in so far os 
mulin is concerned The results of Shannon and Smith [1935] wore 
likely to obscure any slight elevation or depression of clearance, but any 
marked tendency one way or the other w'ould have been observed 

Experiments with still higher mulin levels than these workers used 
would be difficult because of the limitations imposed b\ the solubility of 
mulin Nevertheless, the falling values of the renal clearance of mulm 
with fa llin g plasma concentrations, the rise m the values which follow 
a second injection of mulin after the clearances have fallen, and tho 
maintenance of a constant clearance when the plasma level remains 
constant, all suggest that the explanation offered bv Shannon and 
Ranges [1941] for these phenomena in relation to crcatmme is less likely 

than that afforded by tubular activity 

In view of the findings reported in tins paper, it becomes important 
to decide the implications of tho results m relation to the interpretation 
of values obtained for mulm clearance derived from experiments cou- 
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ducted either with muhn concentrations of the order of 25 mg mulin/100 
ml plasma, as advocated by Goldrmg and Chasis [1944] when the infusion 
method is used, or the plasma inulm concentrations normally below 
GO mg / 100 ml which are attained when the single injection technique is 
used In the absence of any independent estimate of glomerular 
filtration in these subjects, precise definition of tbe implications is 
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Fjo 7 — Individual values of the clearance of inulm for the fifteen subjects ex 
pressed as a percentage of the slope of the regression lines given in Table H (data 
from single injection experiments) and Table VH (data from infusion experiments) 
100=the slopes of the regression lines and is taken as the apparent glomerular 

filtration rate 


impossible The values obtained at various levels of plasma muhn 

uv 

concentration, using the expression — , may, however, be compared with 

slopes of the hues relating uv to P calculated from the experimental data 
These slopes may be taken to be the nearest approximation to the 
estimate of glomerular filtration available m these subjects 

In this way the degrees of under-estimation of these slopes obtained 
by use of single values of uv and P in an individual estimation of clear- 
ance may be measured In fig 7, values for muhn clearance for eaoli 
individual period, expressed as a percentage of the value of filtration as 
estimated by the slope of the regression hues, are plotted against the 
venous plasma muhn concentration for the corresponding period The 
solid dots represent the individual values for clearance obtained m 
subjects using the single injection method and given in Table I, the open 
circles represent individual values for clearance of the subjects m whom 
determinations were made using the infusion method and given m 
Tables V and VI In all subjects the values for clearance represented 
by the slopes of the hues relating uv to P are taken as 100 per cent 
As may^be anticipated from the results already presented the 
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values of P, then the positive intercept on the P axis (OC in fig 3) shows 
the existence of an error, and it is necessary to suppose that the “lug’’ 
between P and uv is not 2| or 6 minutes but much more The available 
evidence derived from the dependence of uv upon P in infusion experi- 
ments, and upon measurements of the appearance m the urine of dyes 
injected intravenously, so strongly suggests the validity of the shorter 
time used by ourselves and other observers, that w e adhere to the view 
that our results indicate tubular reabsorption of mulm, admitting, how- 
ever, that this adherence is based on our estimate of probabilities rather 
than on conclusive proof 

The whole of this discussion has been based on the view that the 
orthodox filtration-reabsorption theory of renal function is fundamentally 
correct This, conceivably, may not be the case, but the evidenco m 
favour of the theory is so strong [Smith, 1937] that this remote possibility 
need not seriously be considered What does seem hkely is that sub- 
stances which are completely uninfluenced by tubular activity may be 
more ideal than real 

The results which we have described for mulm between plasma 
levels of about 15 mg /100 ml and 100 mg /1 00 ml , using the 
smgle injection and infusion methods, show considerable resemblance 
to the results obtained by many workers with exogenous creatinine 
[Winkler and Parra, 1937, Findley, 1938, Cope, 1931, Dominguez 
and Pomerene, 1934] This extends to the phenomenon, not included 
m the results presented earlier in this paper, of a rise m the 
clearance of mulm following a second injection of the substance 
This has been found true for creatinine by Shannon and Ranges 


[1941], and we have regularly observed it m the case of mulm The 
marked depression of the clearance of creatinine following extreme 
elevation of the plasma concentration, which is interpreted ns an indica- 
tion of tubular excretion, does not appear to find a parallel in so far as 


mulm is concerned The results of Shannon and Smith [1935] u ere 
hkely to obscure any slight elevation or depression of clearance, but any 
marked tendency one way or the other would have been observed 

Experiments with still higher mulm levels than these workers used 
would bo difficult because of the limitations imposed by the solubility of 
mulm Nevertheless, the falling values of the renal clearance of mulm 
with fallum plasma concentrations, the rise m the values which follow 
a second injection of mulm after the clearances have fallen, and the 
maintenance of a constant clearance when the plasma lovel re in in us 
constant all suggest that the explanation offered by Shannon and 
Ranges [1941] for these phenomena m relation to creatinine is less likely 

than” that afforded by tubular activity 

Tn view of the findings reported m this paper, it becomes important 
to decide the implications of the results m relation to the interpretation 
of values obtained for mulm clearance derived from experiments con- 
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4 The lack of proportionality is shown not to be due to the sampling 
of venous blood as an estimate of arterial plasma inulm concentrations 

5 The dependence of the magnitude of the renal clearance of inulm 
upon the plasma concentration of mulin is found also in three subjects 
using the continuous infusion method of administration This excludes 
the possibility that the results obtained, following a single injection of 
inuhn, are distortions of a simple proportional relationship consequent 
upon the dynamics of distribution of inulm in the body following a 
single injection 

6 The results of the experiments, and those of other workers, are 
held to suggest strongly that, in man, mulin is reabsorbed by the tubules 
to a significant extent Hence the use of mulin clearance as a measure 
of glomerular filtration rate involves a systematic error, which is 
estimated to be about 15 per cent under the usual circumstances 
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expression Clearance =— provides values for clearance winch are m 

general smaller than the values represented by the slopes of the lines 
The scatter diagram shows, further, that the degree of under estimation 
of the slopes increases as values of P dimmish This is again to be 
expected from, the fact that the lines relating uv to P intersect the 
negative ordinate Considering only values for clearance obtained by 
using plasma inulin concentrations of 20 mg per cent or more, the 
average under-estimate of the slopes of the hues of the 60 clearance 
values obtained with the single injection method is 17 per cent , and the 
average under-estimate of the slopes of the lines relating uv to P using 
the infusion method is 13 per cent Considered together (100 clearance 

uv 

periods), the expression — provides values which are, on the average, 

85 per cent of the values obtained by calculating the slopes of the lines 
It is seen from these figures and from the scatter diagram that, 
above plasma inulm concentrations of 20 mg per cent , the under- 
estimate is of a similar order irrespective of the method of administration 
In emphasising this point, however, it is to be remembered that the 
slopes of the hues relating uv to P are themselves influenced by the 
level of P employed m the calculation, and that the values of P attamed 
by the infusion method are higher on the whole than those attamed by a 
single injection of muhn Fig 5 illustrates bow the slope of this hue is 
altered by incorporating lower values of plasma inulin concentration 
It is clear that the under-estimate will be of the same order if tho 
formula devised by Robson et al [1949] is employed, since it has already 
been shown that although this formula was developed on the basis of 
constancy of the inulm clearance, it provides a value which is an avorago 
of what is au apparently changing clearance between the two plasma 
levels over winch it is applied 


Sttjuiaby 

1 Following a single intravenous injection of inulm, values for tho 
renal clearance of muhn (C,„=im/P) show a steady dcchno, with 
diminishing values of plasma inulin concentrations 

o Employin' 1 values of P 6 minutes before the mid-pomt of tho 
clearance period! m place of values 2] minutes before tho mid point, 

docs not eliminate this phenomenon 

3 Employin'* the formula G in = uvjP, the foil m values for clearance 
„ a , 10 to the fact that the renal excretion of inulin (uv) is not pro 
_r”l tn the plasma level (P), since the imposition of a linear relation 
^p Swll tuo variables results in hues which dov.ate s.gmhcantl, 

from the point of ongm 


EXCRETION OF HISTAMINE IN HUMAN URINE By H M 
Adam From the Departments of Pharmacology and Thera- 
peutics, University of Edinburgh 

( Received Jor publication 4th November 1940 ) 

It is now known that histamine is a normal constituent of mammalian 
urine [Anrep, Ayadi, Barsoum, Smith and Talaat, 1944, Gaddum, 
1948, Rosenthal and Tabor, 1948, Hunter and Dunlop, 1948, Urbach, 
1949] In human urine it occurs mainly m a conjugated and inactive 
form free histamine is found only m traces Recently, Urbach 
[1949] has obtamed evidence by paper partition chromatography that 
the conjugate is probably identical with N-acetyl histamine [4(/?-acetyl- 
amino etkyl)imidazole] 

In the dog, 3 to 5 per cent of histamine given by mouth is excreted 
as the conjugate When, however, histamine is injected subcutaneously 
it appears m the urine m the free form [Anrep et al , 1944] 

The object of the present investigation was to study m man the 
exoretion of histamine given orally and by intravenous infusion At 
the same time an attempt was made to discover whether, under the 
conditions of infusion, an increase of the histamine concentration could 
he detected m the blood as well as in the urine 

Rose [1940] failed to detect an increase in samples of whole blood 
after the subcutaneous injection of 1 mg histamine base m man 
Emmelrn, Kahlson and Wieksell [1941] observed m the dog that a 
measurable rise of the plasma histamine occurred only when the rate 
of intravenous infusion was 2-5 pg /kg /ruin According to Weiss, 
Robb and Ellis [1932], this rate of infusion would be likely to have 
toxic effects m man 

The present study was earned out on four men, designated D H , 
McG , McF and M W 


Methods 
1 Pharmacological 

(a) Extraction of Histamine from Urine 

A simplified form of the charcoal method [Anrep et al , 1944] waa 
used Two stages m the extraction procedure were omitted the final 
alcoholic extraction, and the treatment of the aqueous solution of the 
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(Received /or publication 4th November 1049 ) 

It is now known that histamine is a normal constituent of mammalian 
unne [Anrep, Ayadi, Barsoum, Smith and Talaat, 1944, Gaddum, 
1948, Rosenthal and Tabor, 1948, Hunter and Dunlop, 1948, Urbach, 
1949] In human urine it occurs mainly in a conjugated and inactive 
form free histamine is found only in traces Recently, Urbach 
[1949] has obtained evidence by paper partition chromatography that 
the conjugate is probabfy identical with N-acetyl histamine [4(/l-acetyl- 
anrtno ethyl)imidazole] 

In the dog, 3 to 5 per cent of histamine given by mouth is excreted 
as the conjugate When, however, histamine is injected subcutaneously 
it appears in the urine in the free form [Anrep el al , 1944] 

The object of the present investigation was to study in man the 
excretion of histamine given orally and by intravenous infusion At 
the same tune an attempt was made to discover whether, under the 
conditions of infusion, an increase of the histamine concentration could 
be detected in the blood as well as m the unne 

Rose [1940] failed to detect an increase in samples of whole blood 
after the suboutaneous injection of 1 mg histamine base in man 
Emmehn, Kahlson and Wicksell [1941] observed in the dog that a 
measurable rise of the plasma histamine occurred only when the rate 
of intravenous infusion was 2-6 pg /kg /nun According to Weiss, 
Robb and Ellis [1932], this rate of infusion would be likely to have 
toxic effects m man 

The present study was earned out on four men, designated D H , 
McG , McF and M W 


Methods 
1 Pharmacological 

(a) Extraction of Histamine from Unne 

A simplified form of the charcoal method [Anrep el al , 1944] was 
used Tv o stages in the extraction procedure were omitted the final 
alcoholic extraction, and the treatment of the aqueous solution of the 
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NaOH delivered from a fine capillary Make the volume of the sus- 
pension up to 5 ml with 6 86 per cent NaCl and centrifuge at 2000 
r p m for 6 minutes Decant the supernatant and, if need be, make a 
final adjustment of the pH before proceeding to the assay 



Fio 1 — Apparatus for evaporation of extracts (a) Screw clip on rubber 
connection, (6) glass capillary (c) rubber connection, (d) ground glass cons 
with bubble trap (s) and side arm ( g ) This part (d «, g) is adapted from a distil 
lation tube (M15, Quiekfit and Quartz) if) 160 ml spherical flask (B21, Quickfit 
and Quartz) The side arm ( g ) is inserted into a manifold which is connected to a 
trap and water pump 


This method was tested by recovering histamine acid phosphate 
added to different samples of urine A control sample of each urrne 
was extracted at the same time In the present experiments the 
recovery of conjugated histamine was assumed to be the same as for 
histamine added to urine 


(b) Extraction of Histamine from Blood 

Code’s modification [1937] of the method of Barsoum and Gaddum 
[1936] was used Citrated or hepannised blood samples of 10 ml 
were centrifuged at 3000 r p m for 15 minutes and the plasma and cells 
extracted separately The final volume of the solution of each extract 
used for the assay was 10 ml 
VOL XXXV, NO 4 —1050 
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extract with, alumina Further, the elution was earned out at a raised 
temperature, which obviated the need for repeated washing of the 
charcoal with each lot of acid alcohol No rela xin g substance was 
encountered in extracts of human urine prepared by this method 

Reagents — These were similar to those employed in the ongmal 
method The activated charcoal was obtained from Messrs Sutcliffe, 
Speakman & Co Ltd , Leigh, Lancs It contained iron w Inch a as 
removed by boiling in concentrated HC1 (A R ) for 15 minutes in the 
proportion of 1 g charcoal to 10 ml of acid The charcoal was then 
washed with distilled water until free from aoid, and dned in a desiccator 

Absolute ethyl alcohol was purified by refl uxin g with solid NaOH 
and redistillation 

Procedure — Take 10 ml of filtered, neutral urine and shake it with 
0 25 g charcoal in a centrifuge tube for five minutes Centrifuge the 
suspension at 2000 r p m and discard the supernatant Resuspend 
the charcoal in 10 ml distilled water and repeat the centrifuging 
After decanting the supernatant, add 10 ml of 95 per cent acid alcohol 
(95 ml absolute alcohol + 3 ml 10N HC1 + 2 ml distilled water) to the 
charcoal and stir with a glass rod to obtain thorough mixing Immerso 
the tube for 15 minutes in a water-bath at 60°-65° C and stir the sus- 
pension from time to time Next decant the suspension on to a No 12 
Whatman filter-paper and filter by gravity into a 50 ml measuring 
cylinder Wash the tube clean with three successive lots, eaoh of 
10 jpl of warm 76 per cent acid alcohol (75 ml absolute alcohol + 3 ml 
10N HC1 + 22 ml distilled water), and pour each lot on to the layer of 
charcoal on the filter-paper One lot can bo conveniently w armed up. 


while the other is filtering, by placing the tube m the water-bath for 
3 minutes Heat is applied to the filter funnels to speed up filtration 
The eluate has a final volume of about 35 ml , and can be stored over- 


night at 0° C without loss of activity Divide the eluate into two 
equal portions and take each to dryness The evaporations are carriod 
out under reduced pressure on a water- bath at 60° C Fig 1 shows 
the type of apparatus used Wash one residue with 10 ml absolute 
alcohol and set it aside for the estimation of free histamine The 
other residue is hydrolysed m the presence of 10 ml 10N HC1 (A R ) 
For this purpose, fit an air condenser to the flask and immerse tho 
flask in a boiling water-bath for 1* hours Then distil off the acid and 
wash the hydrolysed extract with 10 ml absoluto alcohol At tins 
stage the dried extracts can, if necessary, bo stored m a desiccator for 
Rveral dais without loss of activity Finally, take up the two extracts, 
hydrolysed and unhydrolysed, m three lots of 1 5 ml each of hot distilled 
t Scrape the flask clean with a glass rod fitted with a rubber 
, Ln„ Transfer each wash by dropping pipette to a 10 ml gradu- 
^fltrihwe tube Add one drop of a 0 1 per cent solution of 
tral red to the suspension and neutralise it with 1-2 drops of 2N 
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immediately stored at 0° C and, if necessary, aoidified Under these 
conditions free histamine is stable for at least 24 hours, and conjugated 
histamine for several weeks In an earlier experiment (D H ) 24-hour 
collections were made, and ohloroform (approx 0 5 per cent ) was added 
as a preservative 

A preliminary routine examination of the urine, and an experiment 
to test for the recovery of added histamine, were carried out in eaoh 
subject > In none was there any evidence of abnormality of the unne 
or of failure to recover the expeoted amount of histamine 


Results 

1 Recovery of Histamine added to Unne 

Table I contains a summary of the results of experiments on different 
urines to which histamine was added in concentrations of 100 and 500 
pg per litre Table II shows one set (500 fig per litre) of results in 
detail The initial value is that of the control sample of urine, the 
dual, of the urine after the addition of histamine , the difference repre- 
sents the recovery, and is expressed in the last column as a percentage 
of the amount added Within each series, the difference between the 
means of the recoveries for free and total histamine is not statistically 
significant Hence the extracts did not differ in their content of 
substances that might be expected to interfere with the assay of hista- 
mine The recovery of histamine added to the test solutions after 
these had been assayed confirmed this view the mean recoveries were 
91 per cent (range 83-103) and 92 per cent (range 85-95) for the un- 
hydrolysed and hydrolysed tests respectively These values fell short 
of 100 per cent recovery, but were mostly within the limits of the 
experimental error of the assay If inhibitory substances were present 
m the extraots, they did not wholly aocount for the incomplete recovery 
of histamine added to unne Experiments on the extraction of hista- 
mine in similar concentrations from Tyrode solution and distilled water 
showed that a loss of 10 to 15 per cent might be expeoted, because of 
incomplete elution from the charcoal There is no evidence that 
conjugated histamine, m the concentrations encountered m the present 
expenments, interferes with the recovery of free histamine 


Table I — Recovery of Histamine added to Urine 

Concentration miorograms per litre . 100 

Number of estimations 13 


500 

13 


Percentage recovery 

Mean 

S D for single observation 
S E of mean 


Total Free 
60 9 74 8 

15 4 14 2 

43 30 


Total Free 
86 2 83 6 

9 1 77 

2 6 2 6 
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(c) Estimation and Identification of Histamine 

The histamine values axe all calculated m terms of the base, on the 
assumption that this represents one-tlnrd of the weight of the phosphate 

The extracts were tested on a strip of guinea-pig ileum suspended 
m 2 ml Tyrode’s solution containing atropine (0 1 pg /ml ) and were 
compared with a standard solution of histamine acid phosphate (British 
Drug Houses Ltd ) Mepyramine maleate (May & Baker Ltd ) was used 
as a test for histamine in the extracts [Reuse, 1948] 

2 Ghmca 1 

(a) Administration of Histamine 

Oral — The dose of histamine was dissolved m 09 per cent NaCI 
to give a concentration of 0 33 mg /ml The solution was run slowly 
into the stomach through a Ryle tube The subject was in a fasting 
state and had previously emptied the bladder 

Intravenous Infusion — After being at rest for 20 minutes the subject 
voided the bladder, and was immediately connected by one arm to a 
saline intravenous drip infusion A control sample of venous blood 
was removed from the other arm The saline infusion was then 
stopped, and a solution containing 10 pg of histamine per ml of 0 9 
per cent NaCI was infused by gravity from a graduated aspirator 
bottle of 1 litre capacity To this was connected a drip chamber 
previously calibrated by relating drop rate to volume flow m ml per 
minute The flow rate was regulated by adjusting a sorew-chp placed 
between the aspirator bottle and the dnp chamber In this way, 
quantities of 3 3 and 5 mg of histamine were infused m 2 to 3 hours 
The total amount infused after an mterval of time could be read approxi- 
mately on the scale attached to the bottle, and the rate of infusion 
(m pg /mm ) estimated at any moment by counting the drop rate per 
minute 

(b) Effects of Histamine 

The pulse rate and arterial blood-pressure were recorded at intervals 
of 5 to 10 minutes before and during the intravenous infusion of hista- 
mine The onset and seventy of headache, and extent of flushing, 
were also noted The infusion rate was increased at \arymg times, but 
usually not beyond the hunt which produced mtolorable headacho or a 
large fall in blood-pressure The second venous blood sample was 
removed towards the end of tho infusion 

(c) Collection of Urine Samples 

The urine was collected directly into chemically clean, stoppered 
760 S conical flasks at intervals of 0 hours Tho sample was 
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the limits of error (P = 0 95) for a single observation are 47-102 pg per 
litre When the concentration is 500 fig per litre the mean recovery 
is 83 6 per cent or 418 pg per litre, and the corresponding limits of 
error are 342-495 pg per litre 

The amount of free histamine normally present m the unne is leas 
than can he estimated within the limits of error already mentioned 
After the administration of large doses of histamine, however, the 
concentration of free or conjugated histamine in the urine may be 
expected to reach 100 pg per litre, and even to exceed it 


Excretion of Histamine m Urine 
(a) After Oral Administration 

This was studied in aubjeots D H , McG and M W , who were on an 
ordinary hospital diet D H received two doses of histamine and the 



Bio 2 — Subject DJI Total histamine excretion following (A) 07 mg 
histamine orally, (B) 133 rag histamine orally, (C) 3 3 mg histamine by slow 

intravenous infusion 


unne was collected daily McG and M W were given single doses, and 
the unne was collected at six-hourly intervals to find out how quickly 
conjugated histamine was formed and excreted The results of these 
expenments are given in Tables III, IV and V, and are shown graphically 
in figs 2 and 3 

The values obtained for McG and M W show that about 50 per cent 
of the conjugated histamine which appears in the unne does so m the 
first 6 hours, that excretion proceeds exponentially and is nearly 
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Table n — Recovery of Histamine added to Heine 
Concentration 500 fig per hire 


Micrograms histamine per litre unne 


Expt 

Unne 










Initial 

Final 

Difference 

Percentage 






recovery 

1 

Total 

50 

530 

480 

961 



Free 

60 

500 

450 

90 1 

[duplicate 


Total 


530 

480 

90 



Free 


500 

460 

90 J 


2 

Total 

10 

450 

440 

8S 


Free 

< 10 

460 

450 

90 

3 

Total 

45 

540 

495 

99 


Free 

20 

500 

480 

96 

4 

Total 

30 

400 

370 

74 


Free 

10 

400 

300 

78 

6 

Total 

30 

400 

370 

74 


Free 

10 

400 

390 

78 

6 

Total 

16 

500 

485 

97 


Free 

< 10 

400 

400 

80 

7 

Total 

< 10 

400 

400 

80 


Free 

< 10 

400 

400 

80 

8 

Total 

15 

400 

445 

89 


Free 

< 10 

400 

400 

80 

9 

Total 

30 

400 

370 

74 


Free 

< 10 

370 

370 

74 

10 

Total 

15 

425 

410 

82 


Free 

< 10 

400 

400 

93 

11 

Total 

30 

430 

400 

SO 


Free 

< 10 

400 

400 

SO 


It should be mentioned that the unhydrolysed extract may exhibit 
notions which disappear after treatment with concentrated HC1 Theso 
are seen after a full dose (0 2 ml ) of the extract is added to the bath 
there is some frothing, a slight increase in the rhythmic activity of tlio 
gut, and an unusually large contraction after washing out 


2 Accuracy of the Method 


The method can bo used to estimate histamine in human unno m 
nJtmtaons of not less than 100 fig per litre for example, the 
C ° recovery for free histamine at this level is 74 8 pg per litre, and 
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Table HI — Excretion of Histamine in Urine per 24 Hours 



DJI oet 40 

BW 80 kg 

Day 

Urine vol 

Histamine pg Percentage of dose 

ml 

Free 

Conjugated' excreted per 24 hours 

1 ' 

1950 

< 20 

> 20 

2 

1650 

16 

34 


07 mg 

lustamme m 200 ml 0 0 per cent NaCl orally 

3 

1600 

18 

112 0 17 

4 

1400 

14 

14 

6 

1300 

< 13 

0 

0 

1750 

< 18 

0 

7 

1000 

< 16 

0 

8 

1550 

< 15 

> 9 


133 mg 

histamine 

in 400 ml 0 9 per cent NaCl orally 

9 

660 

7 

303 q 27 

104 U 

10 

1300 

13 

11 

1700 

< 17 

0 

12 

1400 

< 14 

> 7 

13 

1250 

12 

7 

14 

1260 

30 

20 


3 3 mg 

histamine in 330 ml 0 9 per cent Nad infused 


intravenously m 120 minutes 

15 

1700 

85 

0 2 60 

18 

2000 

< 10 

> 30 

17 

1760 

< 17 

0 

18 

1300 

< 13 

> 13 



Table IV — Excretion of Histamine in Urine 

per 6 Hours 


BEFORE AND AFTER ORAL DOSE 




McG aei 48 

BW 60kg 



Hours 

Urrne vol 

Histamine /ig 




Percentage of 
dose excreted 

mi 

Free 

Conjugated 

24-18 

380 

< 4 

> 2 



18-12 

296 

< 3 

> 7 



12-6 

400 

< 4 

> 3 



6-0 

390 

< 4 

> 4 




133 mg 

hiatamme m 400 ml 0 9 per cent 

NaCl 

0-8 

500 

171 

1 4831 



6-12 

406 

8 1 

„„ 262 

•856 


12-18 

430 

4! 

h33 74 

0 67 

18-24 

414 

4J 

1 37 j 



24-30 

336 

< 3 

> 9 



30-36 

406 

< 4 

> 6 
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complete m 24 hours It may also be noted that the excretion of free 
histamine is slightly increased in the first 6 hours In man, as in the 
dog, the amount of conjugated histamine excreted is independent of 
changes in the urrnary output 


(b) During and after Intravenous Infusion - 

This was studied m subjects D H , McG and McF , and the results 
are shown in Tables IH, VI and VII, and in figs 2 and 3 In subject 


A 



Fio 3 — Subject McG Total hiBtamino excretion following (A) 133 rag 
histamine orally, (B) 5 mg hintannno by slow intravenous infusion 

McF , whose excretion was comparatively low, difficulties nroso m 
the control of the infusion rate for a period it ran at 0 82 pg [kg /mm 
and the blood-pressure fell steeply It may be that during this period 
of low blood-pressure urine formation was suppressed, and that lustammo, 
which would have been excreted m the urine, disappeared in other ways 
Anrep et al [1944] found this to be so in the dog after largo doses wero 
injected subcutaneously DH and McG each excroted about tho 
same proportion of the dose given McG ’s excretion curvo (fig 3) 
shows that all the histamine excreted was present in tho first six-hourly 
mole McF continued to excrete small quantities in tho succeeding 
six-hourly samples, but these are of doubtful significance 
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The Blood Histamine during Infusion 

Venous blood samples were removed before and during the infusion 
from subjects McG and McF No increase in the histamine content 
of the cells or of the plasma was detected At the time when the 
infusion sample was removed the rates were approximately 0 48 and, 
0 28 fig [kg /min for McG and McF respectively, and the drug was 
producing characteristic effects on the circulation 



Fio 4 —Subject McG Effects of 5 mg histamine given by slow intravenous 
infusion (A) Remove control blood Bample (10 ml ) and start histamine infusion 
(B) Remove second blood sample (10 ml ) 

Other Effects of the Infusion 

When histamine is infused intravenously for several hours, its 
action on the cardiovascular system frequently diminishes [Weiss et al , 
1932] In the present study it was confirmed that the intensity of the 
skin flush and of the headache decreased during the course of the 
infusions, which were given at an increasing rate (fig 4) Weiss et al 
ascribe this effect not only to the chemical inactivation of histamine 
but also to a physiological inactivation through the formation of a 
substance or substances antagonistic to histamine In a few incidental 
observations it has not been possible to demonstrate that either the blood 
histammase or the plasma adrenaline is increased at the end of an infusion 
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Table V — Excretion op Histamine in TJbine peb 6 Hopes 

BEPOBE AND ABTEB On AT. DOSE 


Hours 


Urine vol 
ml 


MW ae/ 57 BW 78kg 
Histamine pg 


Free 


Conjugated 


24r-18 

770 

< 8 

> 15 

18-12 

740 

7 

15 

12-0 

405 

4 

9 

6-0 

405 

4 

9 


133 mg 

histamine m 400 ml 0 9 per ■ 

6-0 

620 

10' 

734' 

6-12 

330 

8 

, 24 404 

> 153i 

12-18 

450 

< 4 1 

18-24 

500 

< 5j 

> 55 j 

24-30 

696 

7 

25 

30-36 

696 

7 

26 

36-42 

420 

< 4 

> 12 

42-48 

420 

< 4 

> 12 


1349 


Percentage of 
dose excreted 


10 


Tabus VT — Excretion op Histamine in TJbine peb 0 Hobbs 

BEFORE AND AETEB INTRAVENOUS INFUSION 




McF 

aet 32 BW 

68 kg 

Hours 

Urine vol 

Histamine fig 

Percentage 
of dose 
excreted 

ml 

Free 

Conjugated 

24-18 

540 

< 5 

0 


18-12 

470 

< 4 

> 6 


12-6 

05 

< 1 

S 


0-0 

1020 

< 10 

> 7 



Blood histammo 
fig per ml 
■* 

Cells Plasma 


0 045 <0 01 


6 mg histamine in 600 ml 0 0 per cent NaCl infused intravenously in ISO minutes 


0-6 

318 

30 

6-12 

336 

7 

12-18 

260 

5 

18-24 

395 

4 


0 0 0 04 < 0 01 


Table VII — Excretion or Histamine in Ubine peb 0 Hours 
before and after Intravenous Infusion 


McG act 4S Bff 68 kg 


Hours 

Urine vol 
ml 

Free 

24-18 

400 

< 

4 

18-12 

310 


3 

12-6 

488 

< 

5 

6-0 

326 

< 

3 


5 mg histammo m i 
0-6 500 

6-12 
12-18 
18-24 


454 

278 

300 


100 

5 

< 3 

3 


Conjugated 

> 4 
3 

> 2 
> 2 

r cent NaCl i 
12 

> 16 
12 


Percentage 
of dose 
oxcrotod 


Blood histammo 
//g por ml 


Colls 


0 05 


0 05 


Plasma 


<0 01 


<0 01 
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Summary 

1 A simplification of the method of Anrep el al for the estimation 
of histamine m human urrne is described 

2 It is not possible by this method to obtain a reliable estimation 
of the amount of free histamine normally present in human urine, but 
the effects of the administration of histamine may be followed - 

3 When 133 mg of histamine was given by mouth to three men, it 
was mainly conjugated histamine that appeared m the urrne 

4 When 3 6-5 mg was infused intravenously m three men, free 
histamine appeared in the urine 

6 In two of these experiments no changes were detected m the 
histamine content of the plasma or cells obtamed from the antecubital 
vem It is concluded that investigations of the excretion of histamine 
are more likely to give information about the release of histamine in the 
body than investigations on venous blood 
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Discussion 

The results obtained m man for the excretion of ad minis tered 
histamine confirm m a general manner those recorded by Anrep et al 
[1944] for the dog When histamine was given by mouth, the excretion 
of the conjugate varied between 0 17 and 1 per cent of the dose, in the 
dog, Anrep et al found 3 to 5 per cent In man, as in the dog, there was 
only a slight increase of the free histamine which appeared m the first 
six-hourly sample When histamine was given by intravenous infusion 
in doses of 3 3-5 mg , the excretion in man varied between 0 6 and 2 6 
per cent , in the dog the same authors found 1 75 per cent (calculated 
from their figures) after subcutaneous injection of 10 mg of the acid 
phosphate, but they were unable to find a relation between the dose 
injected and the proportion excreted because of anuria of variable 
duration It is confirmed also that free histamine is normally present, 
but only in traces, in human unne 

According to Urbach [1949], conjugated histamine is formed m the 
intestine by the action of bacteria some of it is absorbed and appears 
in the unne In paper chromatograms of extracts of unne and faces 
which were made after the ingestion of histamine diphosphate, it 
behaved like acetyl histamine [4(/?-acetyIammo-ethyI)imidazoIe] The 
chromatogram of urine collected at 1$ hours, and of a stool collected 
six hours, after an oral dose of histamine diphosphate showed a pro- 
nounced acetyl histamine spot These findings agree with the results 
of the present expenments, which show that about half of the conjugated 
histamine excreted in 24 hours appears in the unne m the first six- 
hourly sample 

The conjugation of histamine has also been found to occur m the 
tissues of the rat [Millican, Rosenthal and Tabor, 1949] Theso authors 
injected histamine subcutaneously m rats deprived of the alimentary 
canal below the level of the stomach, and obtained conjugated hista- 
mine in the unne In man, however, there is no evidence to suggest 
that conjugation takes place outside the alimentary tract 

It appears that free histamine infused intravenously is more easily 
detected in the urine than m the venous blood , probably becauso it is 
concentrated in the kidneys Failure to detect it in the venous blood 
by methods at present available confirms the findings of Rose [1940] and 
Erumelm et al [1941] In seeking evidence for the theory that liberated 
or newly formed histamine contributes to the pathogenesis of certain 
diseases it may be useful to examine the unne as well as the blood 



VASOMOTOR NERVE FIBRES TO THE MAMMARY GLANDS 
OP THE OAT AND DOG By J L Linzell, Institute of 
Animal Physiology, Agricultural Research Council, Cambridge 
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(Received for publication 8 th November 1949 ) 

It has not been dearly established that there are vasomotor fibres to 
the mammary gland, for there has been no direct study of this subject 
Earlier work which suggested the presence of such nerves to the mammae 
has been reviewed by Basoh [1903] More recently. Cannon and Bright 
[1931], Bacq [1932] and Clark [1933] found that a small proportion of 
animals showed lactational deficiencies as a belated result of partial or 
complete sympathectomy in the dog, cat and rat, and biochemical 
studies in the cow have shown that great and sudden changes m the 
permeability of the mammary blood-vessels, and temporary cessation 
of milk secretion, can occur in response to fear and pain [Graham, Kay 
and McIntosh, 1936, Shaw and Petersen, 1939] St Clair [1942] 
noted that cutting the inguinal nerve or removal of the lumbar sympa- 
thetic chain caused an increase m the temperature of the udder m the 
cow, and, since this work was started, Peeters, Coussens and Sierens 
[1949] have briefly reported that electrical stimulation of the same nerve 
decreased the venous outflow of the isolated cow’s udder perfused at 
constant pressure 

Methods 

Animals — Cats were used as the mam experimental animal after 
trial experiments had shown that the mammary glands of the rabbit, 
rat and guinea-pig were too small for the apparatus available The 
pregnant animals, selected by abdominal palpation from all the female 
cats received at the laboratory at all times of the year, were maintained 
on an adequate diet and used for experiments at various stages (2-73 
days) after parturition A smaller number of cats, for whioh the date 
of parturition was unknown and which were still lactatmg or had just 
weaned their kittens, were also used A few dogs, whose mammary 
glands were commencing to involute after the normal lactation period 
and one pseudo-pregnant lactatmg bitch, were also tested 

Ancasth&sia — To avoid undue excitement, the animals were ames- 
thetised before being separated from their kittens The anesthetic which 

295 ’ 




Vasomotor Nerve Fibres to Mammary Glands of Cat and Dog 297 

Extensive arterial and venous anastomoses between the branches of the 
mam vessels, revealed by Neoprene casts (made by injection at physio- 
logical pressures), allow either pair to be clamped for eannulation 
without entirely depriving any gland of its blood supply The sub- 
cutaneous abdommal vessels are the most easily approached surgically 
and for this reason glands 3 and 4 have been chiefly studied 

(b) The mammary glands are innervated by the ventral cutaneous 
branches of the thoraoic and lumbar spinal nerves, which mostly enter 
them from the lateral aspeot The inguinal gland 4 receives in addition 
branches from the external spermatic nerve, whioh enters it with the 
subcutaneous abdominal vessels This nerve is the contmuation of the 
gemto-femoral (gemto-crural), which arises from the fourth and fifth 
lumbar nerves It passes through the inguinal canal m front of the 
external pudio vessels 


Perfusion of the Isolated Mammary Gland 

This was based on the method of Richards and Plant [1916] in which 
a pump was placed in series with the animal and the mammary gland, 
VQo- 



Fio la Diagram of the perfusion method, indicating perfusion of the Minimal 
n J mammary gland L 4 ® “ 1 

a c mood pressure recorder from carotid arterv 
V O —venous outflow recorder 
P P = perfusion pressure recorder 
.D K —drop recorder 

E =stump of the suboutaneous abdommal vessels 

R COnneCted a Dal0 Scl “ P^p (not shown) 

A and rI»™ W C !‘P 3 coutroUmg blood inflow from cat 
A and B -screw chp, controlling shunt (see text) 

r ‘ Imes mdlcato P°-rta enclosed in warmed chambers 

usmg the animal’s own arterial blood as the perfusate (see fia T * 

was adopted m an effort to overcome the objections to & ? , Ifc 

pensmg mtk [F etere6B , Md Victor, im atd 
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was injected into the right cephalic vein, was one of the following (a) 
6 45 per cent pentobarbitone m 10 per cent alcohol (Nembutal, Abbott) 
(b) 2 per cent chloralose in normal saline (c) Pentobarbitone induction 
followed by 20 per cent urethane in normal saline (d) A mix ture of 
3 3 per cent chlorose and 33 per cent urethane m normal saline By 
this method the dosage required to mduce deep amethesia varies with 
the condition of the animal and the rate of injeotion (the first two-thirds 
of the computed dose was injected quiokly to avoid the stage of excite- 
ment in hght narcosis, and the rest very slowly, taking 10-16 mm in 
all) The mean (±SD ) dosage used in these experiments was 


Pentobarbitone 

Cat, 

31 

8 + 13 3 mg /kg 


Dog, 

33 

9 + 4 5 mg /kg 

Chloralose 

Cat, 

97 

6 + 130 mg /kg 


Dog, 

108 

5 mg /kg (only used once) 

Chloralose and urethane 

Cat, 

64 

4 + 99 and 644 + 99 mg /kg 


Dog, 69 1 ± 6 0 and 691 + 60 mg /kg 

General Preparation — After anaesthetisation, the animal was suspended 
in a canvas sling by whioh it was partially submerged m a bath of Rmger 
solution at 37° C , and tracheal and venous cannul® were then inserted 
Under these conditions, the majority of animals that were good surgical 
nsks lived 9 hours, and several had to be destroyed after surviving 12 
hours Further preparation depended upon the type of experiment to 
be made, but the long survival time of the animals frequently allowed 
more than one type to be earned out Four methods of study were 
used, but before these can be desenbed some points of anatomy must be 
mentioned, 

Anatomy — In the absence of a detailed account in the literature of 
the blood and nerve supply to the mammary glands of the dog and cat, 
a short preliminary study of this subject was made The nerve supply 
was worked out by the dissection of living or recently killed annuals 
The course and distribution of the mammary blood-vessels was followed 
by studying preparations mjected with coloured suspensions of Neoprene 
latex according to the technique of Trueta, Barclay, Franklin, Darnel 
and Prichard [1947] The only pomts emerging from this study which 
need emphasis here are the following 

la) In the lactating animal, m which the formerly separato glands 
have merged during pregnancy into two confluent longitudinal bands 
of tissue (hereafter referred to according to the numbers indicated in 
fi la R and L 1 to 4), the mammary glands receive two mu m blood 
S lies anteriorly from the internal thoracic (internal mammary ), and 
SUP f orlv from the subcutaneous abdominal (posterior mammary 
posten J k The latter are the anterior continuations of the 

T tmd pudic vessels after they have passed through the inguinal canal 
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(see fig la) After the administration of heparin (1000 I U per kg ), 
the record of the blood pressure m a carotid artery was started The 
left femoral artery and vem were then cannulated for the respective 
purposes of supplying blood to the pump reservoir (R) and receiving it 
back agam from the perfused gland The reservoir and pump were then 
filled with blood from the ammal, whilst blood or 6 5 per cent gum 
Rmger was injected intravenously to maintain the blood volume 
Heparin (100 I U ) was placed in the reservoir before fi l l in g, and liquid 
paraffin was used to di minis h the loss of gases from the surface of the 
blood The subcutaneous abdominal vessels were then cannulated, care 
being taken not to ligate the lymphatics, which otherwise beoame quiokly 
distended During this procedure the anastomotic vessels were still 
intact, but immediately afterwards they were quickly ligated and severed 
and the gland transferred to the gland chamber The cannulated artery 
was connected to the pump and perfusion begun The period during 
which the tissue was completely without a blood Bupply, that is before 
the circulation was re-established, was 3 to 5 minutes At the outset 
the stroke volume of the pump was minimal, and it was gradually 
increased untd the perfusion pressure was about 120 mm Hg For 
16 to 20 minutes thereafter the organ was left undisturbed in its warm 
chamber, and was kept moist throughout the experiment by a covering 
of cotton-wool saturated with Rmger solution In a few experiments 
glands 3 and 4 were perfused together in this way, smce the blood-supply 
to gland 3 from the subcutaneous abdominal artery is sufficient for this 
purpose 

Sources of Error — Certain irregularities in the pressure tracing were 
found to be related to artefacts arising from the method itself The 
factors thought to be concerned were 

(a) Fibrin Formation — This was frequently found upon micro- 
scopic examination of the blood m the perfusion system in early cat 
experiments, in spite of the liberal use of heparin, up to a dosage of 2400 
I U per kg The tendency to form these minute fibrin clots may have 
been increased by the slow flow of blood through the pump (completely 
changed only once every 20-30 mm ), but was not encountered in the 
dog, m whioh the same conditions prevailed However, in confirmation 
of the work of Bjork [1948], the treatment of the glassware with an 
organic silicone (methylchlorosilane, General Eleotnc Dn-film No 9987, 
or “Teddol,” British Thompson Houston Co , as a 6 per cent solution 
in carbon tetrachloride), and the use of synthetic plastic tubmg (Portex 
or Polythene) instead of rubber, greatly lessened the number of clots 
formed In two experiments tests were made which indicate that the 
danger of clots can also be reduced if a large proportion of the circulating 
blood is defibnnated before adding heparin For this purpose 60 c c 
samples of artenal blood were repeatedly withdrawn from the cat 

defibnnated and returned, until 300 c c had thus been treated and the 
VOL XXXV, NO 4-1950 ge 
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Massart, 1947], m which it is difficult to provide, m the correct quantities, 
the milt precursors and hormones, etc required by the active mammary 
gland Since vasoconstriction occurred m the gland as a result of the 
trauma associated with dissection, it seemed preferable to use a pump 
giving nearly constant volume output over a wide range of pressures 
For this purpose a Dale-Schuster pump with valves and pump chamber 
of reduced size was employed It had a capacity of about 30 o c 
(including connections), and could be readily adjusted to deliver less 



Fia 16 —Calibration of tho perfusion apparatus used, showing tho fall m output 
with the mo in peripheral reaatanco The arabio numerals by each graph refer 
to the stroke calibrations on tho Dale Schuster pump 


than 1 c c of blood per mm There was the disadvantage that, as is 
shown m fig 16, the output diminished by 0 2 c c per 10 mm Hg rise m 
pressure In this, however, it was more efficient than the other constant 
volume output pumps, designed for a similar purpose, which were tested 
Thus one of a similar design to that used by Gaddum, Peart and Vogt 
[1949] showed a fall m output of 0 4 c c for each 10 mm Hg rise in 
pressure, while a simple pump activated by a piston made from a ground - 
glass syrrnge [see Brodie, 1903] was even less efficient The cffoct of 
this factor could be assessed in the analysis of the experiments by refer- 
ence to the calibration shown m fig 16, or by tho simultaneous measure- 
ment of the venous outflow during perfusion 

The further preparation of the ammal for perfusion consisted of 
dissecting ono of the mgumal mammary glands (R or L 4) free from all 
its surrounding structures, including shm, and leaving it in contact with 
the ammal by only the subcutaneous abdominal vessels and lymphatics, 
and the anastomotio vessels reaching it through tho penultimato gland 3 
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(vasoconstnotion to adrenaline and the ejection of milk with oxytocin) 
were still obtained 

Some milk secretion apparently continued during perfusion This 
was suggested by the faot that if all the preformed milk was expelled 
from the ducts and alveoli with oxytocin at the beginning of perfusion, 
more milk was ejected from the gland if oxytoom were given again after 
a sufficiently long interval (1 hour) It is well known that oxytoom has 
no action on the flow of milk if repeated soon after a first dose, because 
there is httle or no milk left to be ejected The positive response after 
1 hour indicated the probability that some milk must have been secreted 
during this time 

Macroscopic and microscopic examination of the perfused glands was 
earned out using the opposite unperfused glands as controls In general, 
the only pathological lesions demonstrable by a variety of staining 
methods were interlobular cedema and distension of the perivascular 
lymphatics, particularly if the mam efferent lymphatics were accidentally 
tied during the cannulation of the subcutaneous abdominal vessels 
Sections from glands, which for a variety of reasons (usually fibrin 
embolism) were perfusion failures, showed m addition interalveolar 
congestion and even haemorrhage 

The chief onticism of the method was that the blood flow through 
the organ was probably low This was suggested by the following 
considerations 

(1) Cannulation of either the mam artery or vein to tliQ mammary 
glands appeared to decrease the blood flow, irrespective of whether this 
entailed perfusion Thus the blood-flow through the perfused glands 
in these experiments was 0 036 + 0 012 c c /g /nun in the dog and 
0 026 + 0 01 m the cat A similar low figure (0 02 + 0 01) was obtained 
when the venous outflow of the gland tn situ m the cat was measured 
directly from a cannula in the vem However, indirect blood flow 
measurement m the cat by plethysmography (clampmg the vem for 5 
sec and measuring the mcrease m the volume of the gland) gave much 
higher figures (0 195 + 0 16) These values may be compared with 
those of Jung [1932 a, b, 1933], who measured the mammary blood flow 
in two lactatmg goats with a Ludwig stromuhr, using ethyl chloride 
local ancesthesia It is probable that the restraint involved in arterial 
cannulation in a conscious animal was partly responsible for the inter- 
mediate values obtained (0 065-0 072 cc/g /mm ) 

(2) The number of capillaries open at the end of perfusion was 

determined by mjectmg a small quantity of India ink intra-artenally 
immediately before stopping the pump, or by staining sections by 
Pickv ortli’s [1934] benzidine method Comparison with sections from 
glands that had been totally injected with India ink revealed that only 
about half the total number of capillaries were open J 

(3) The amount of blood left m the organ at the end of perfusion 
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blood no longer clotted However, m the majority of experiments the 
use of sdiconed glassware and plastic tubing rendered this length} 
procedure unnecessary 

(b) Temperature, — In the first apparatus constructed for these 
experiments, although the isolated mammary gland and the perfusion 
pump were each contained in warmed chambers, the latter were separated 
by a short distance over which a slight drop m temperature of the 
perfusate occurred, depending upon the room temperature (see fig la) 
When an improved water bath, which held both the perfusion pump and 
the gland chamber, was substituted for the old arrangement, perfusion 
pressure irregularities were greatly reduced in number and extent 
Fig 7 is representative of earlier experiments m which the temperature 
of the perfusate was inadequately controlled and pressure irregularities 
occurred m consequence (compare with fig 6) The great sensitivity 
of the mammary blood vessels to cold was further confirmed m one 
experiment on a cat, in which the water was let out of the improved 
water bath during perfusion and replaced by cold As the temperature 
in the gland chamber fell to 25° C , the perfusion pressure steadily rose 
from 62 to 87 mm Hg (43 2 per cent ), and the venous outflow decreased 
from 0 67 to 0 28 c c /mm (68 2 per cent ), and some pressure irregu- 
larities were also seen Upon replacing the cold water by water at 
39° C these changes were reversed, the perfusion pressure falling to 
50 mm Hg and the venous outflow in creasing to 0 9 e c /min 

In addition to these two factors there was the possibility that a high 
blood sedimentation rate, which was noted in many cat experiments, 
might account for some of the irregularities in pressure, hut this nas 
excluded, because of the lack of any correlation between their occurrence 
and a high BSR Further, by the addition of a shunt to the outflow 
of the pump (screw clip A m fig la closed and B adjusted to brmg the 
P P to its previous value) it was possible to show that the irregularities 
were not related to mechanical errors in the pump itself Finally, it 
should he mentioned that with the very small gland of the cat, great 
care was needed in adjusting the position of the cannulm to avoid 
uncontrolled changes due to partial mechamcal stricture of the supplying 


vessels 

General Results of Perfusion — Depending upon the survival of tho 
animal, perfusion vas continued for 1 to 6 hours, tho tissue being 
considered “akve” as long as responses could still be obtained, and tho 
arterio-venous difference m the colour of the blood gavo ovidence of 
active tissue respiration Tho experiments uero frequently stopped 
because of the death of the animal, at ivhich stage tho perfused glaud 
was still viable on the above criteria In one experiment on a dog, 

' nprfusm" for 0 3 hours using an artificial oxy genator (the dog having 
^ l ftcr a perfusion of 2 hours), the gland was stored ocerrught at 
C o c axul upon perfusing again 15 hours later, responses to drugs 
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through its convex side A 100-W bulb was sufficient for magnifications 
up to 50 times, but a 750-W Photoflood bulb No 1 was used for photo- 
graphy 

General 

Nerve Stimulation — This was earned out in the majority of experi- 
ments with the Ritohie-Sneath square wave stimulator. Multitone 
[Ritolue, 1944], with which one can independently vary the voltage, 
frequency and pulse length An induction coil was occasionally used 
for comparison with the electronic stimulator 

Drugs — These were made up in Ringer or normal sabne, and when 
injected into the gland mtra-artenally, the volume of fluid was kept 
at 0 1 c c The following substances were used Heparrn (Liquemin 
Roche, 1000 International Units per c c ), Adrenalin chloride (P D & 
Co ) , Adrenalma (BDH), Acetylcholine ohloride (Roohe) , Cocaine 
(B D H ) , Procaine hydrochloride 1 per cent (Bayer) , Atropine 
(BDH), Eserme sulphate (BDH), Nicotine (BDH), Histamine 
acid phosphate (BDH), Pitressm and Pitocm (P D & Co ) , Ergo- 
toxme ethanesulphonate (BDH), Ergotamine tartrate and Dihydro- 
ergotamine (Sandoz) 


Results 

Stimulation of the distal cut end of the external spermatic nerve 
usually caused vasoconstriction (see Table I) In the case of the intact 
mammary gland m situ this was evidenced by a diminution m gland 
volume of 5 3 per cent or less (average about I per cent ), persisting for 
0 5 to 7 xmnutes, together with a simultaneous decrease m the venous 
outflow of 10-100 per cent (figs 2 and 3) These responses were 
observed in both dogs and cats and were unaccompanied by any ohange 


Table I — Responses to Nebve Stimulation 
Numbers of positive responses to stimulation of various spmal nerves 


Type of experiment 

Species 

Vasoconstriction 

Vasodilatation. 

Perfusion 

Cat 

115 

(16) 

r 

2 

(1) 


Dog 

80 

(5) 


Plethysmography- 

. Cat 

171 

(18) 

14 

(2) 


Dog 

13 

(1) 

Blood flow measurement 

Cot 

16 

(5) 



Microscopy 

Cat 

50 

(7) 



Total 

Cat 

352 


16 



Dog 

03 




Tbo numbers m brackets refer to the number of experiments involved 
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was determined by washing through the gland with a known amount 
of saline and comparing photoelectncally the amount of hemoglobin 
collected in the saline with that m an equal volume of s alin e to which 
a known amount of the same blood had been added It vas found 
to be only about 30 per cent of the total capacity of the gland, as 
estimated by the volume of a complete Neoprene cast of the vessels 
(made at 200 mm Hg injection pressure) 


Plethysmography and Blood-flow Measurements 

These experiments were confined to a study of glands 4 or 3 and 4 
together, which were completely isolated from all surrounding structures 
and left connected to the cat by only the subcutaneous abdominal 
vessels and lymphatics The separated tissue was then enclosed in a 
plethysmograph of 30-40 c c capacity for gland volume recording, and 
this was connected to a Brodie volume recorder (3 o c capacity) It 
was possible to record gland volume changes of 0 01-0 02 c o by using 
a smaller version of the free swing lever descnbed by Afford [1948], 
weighing only 100 mg The blood flow was measured by cannulatwg the 
suboutaneous abdominal vein and recording the venous outflow with a 
drop recorder (designed by Professor A E Ritchie) In both types of 
experiments the general systemic blood pressure was recorded with a 
mercury or small membrane manometer 

When attempts were made to record mammary gland volume and the 
venous outflow simultaneously, it was found that this was unsuccessful 
because of the passive shrinkage in gland volume which occurred -alien 
the subcutaneous abdominal vein was opened for cannulation (venous 
pressure about 4-5 cm blood) Presumably there was then less blood 
m the organ to be squeezed out by an active vasoconstriction, and 
so the response to nerve stimulation was smaller than when the vein was 
mtaot Recently it was found in one experiment that if the animal wore 
placed prone instead of supine, so that the gland hung down below the 
abdomen m approximately the normal position, opening the \ein did 
not induce this passive shrinkage of the gland, and the vasoconstrictor 
effect of nerve stimulation could still be effectively demonstrated 


The Microscopical Examination of Lmng Blood Vessels 

Eor these experiments the tissue uas quickly exposed with a minimum 
of dissection, and prevented from drying and cooling by a constant 
stream of 1 per cent gelatin in Rmger at 38 5° C [see Zueifach, 10 48] 
Indirect cool illumination was used after the quartz rod technique of 
-rr i n 934 1936], but using instead a polished Perspex rod (i inch 
\ nnnosite a hole of similar size in the lamp house The rod uua cut 
^ 45° atf the tissue end to focus the light, "loch was thus reflected 
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in general blood pressure Results from perfusion experiments con- 
firmed these findings Thus nerve stimulation produced a rise m per- 
fusion pressure of up to 37 per cent of the mean resting value (average 
about 9 per cent ) m cats, and up to 59 per cent (average about 20 per 
cent ) in dogs, lastmg 0 5 to 4 minutes 1 In both speoies there was also a 
decrease in the venous outflow, an observation indicating that the rise 



Fio 4 — Expt C 49 Cot 2 8 kg Lactatmg 13 days Cbloralose and 
urethane anaesthesia Perfusion of R 4 started at 2 60 pm Defibrmated 
hepanmaed blood V O 17 drops per c c B P by mercury manometer 
3 21 pan S timula tion of external spermatio nerve, 0 6/60/10/28 


m pressure itself did not fully reflect the intensity of the vasoconstriction 
produced (figs 4, 6 and 7) The responses were obtamed at all levels 
of the restmg perfusion pressure, and also at the height of a pressor 
response to a moderate dose of adrenaline In the dog there was 
frequently a temporary increase m the venous outflow, occurring at the 
time when the perfusion pressure was rising, which was followed by the 
usual decrease (fig 7) This was not seen in cat perfusions, but was 
observed m one cat experiment in which the venous outflow was recorded 
from the intact gland In three cat perfusion experiments the pressure 
curve to nerve stimulation showed a flattening or even a second rise 
succeeding the initial peak 

In all types of experiment the size and duration of response could be 
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IV J3 — These responses were not conditioned by tho previous doso of adrvaalino 
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Fro 5 — Expt C 68 Cat 2 8 kg Lactatmg 24 days Chloralose and 
uretl-ume amesthesia Photomicrographs of the living vessels on the surface of 

gland R 4 

02 p m Small artery and vein (15 sec exposure) 

04 Same vessels 15 sec after stimulation of external spermatic nerve 

(10/50/1/10) Same oxposure 
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increased by lengthening the time of stimulation (up to a maximum of 
about 15 sec ) (fig 3), and to a more variable extent by increasing the 
voltage (up to a maximum of 0 5-10 V ), pulse length (up to 1-10 msec ) 
and the frequency (up to 5-50/seo ) A maximal response could invariably 
be obtained by a stimulus of 10 volts, 50 stimuh/sec , each of 1 msec 
lasting 15 sec (signified in this paper 10/50/1/15) 

In addition to the external spermatic nerve, the mixed spinal nerves 
thoracic 13 to lumbar 4, supplying mammary glands 3 and 4, were also 
found to include vasoconstrictor fibres The inguinal glands 4, which 
have been given the most attention in the present study, receive fibres 
from cutaneous lumbar nerves 2, 3 and 4, but most of their innervation 
from the external spermatic nerve, which also arises from lumbar 4 
The peripheral distribution has not been worked out in detail, but from 
microscopical examination it appeared that there is considerable overlap 
in the areas innervated by adjacent nerves 

These results were not in themselves conclusive proof for the existence 
of vasoconstrictor nerve fibres to the mammary glands as such, because 
they referred to mammary tissue (inguinal gland 10-20 g ), plus 1-2 g 
(5-10 per cent by weight) of adipose tissue and the superficial inguinal 
lymph glands (about 300 mg ) The fat and lymph glands were the 
tissues that it was not practicable to separate from the mammary 
glands beoause they were so intimately related to the branches of vessels 
and nerves entering the gland Possibly the responses recorded repre- 
sented the activity of vasomotor nerves to the large vessels outside the 
gland and to the fat between them Indeed, on actual test, it was show n 
that the volume of the inguinal fat, when measured separately, shrank 
on nerve stimulation (fig 2), thus providing further evidence for the 
existence of vasomotor fibres in adipose tissue [see Wertheimer and 
Shapiro, 1948] However, m four experiments, m which the mammary 
gland was completely separated from all fat and lymph tissue, it too 
showed positive responses to nerve stimulation (fig 2) The decrease 
m "land volume then recorded was usually about equal to the volume of a 
Neoprene cast of all the large vessels outside the gland proper, and since 
these vessels contracted only very slightly during nerve stimulation, it 
was concluded that the smaller vessels within the gland wero mainly 
responsible for the responses recorded 

To be quite certain that the deductions from these experiments 
were correct, microscopic examination of the living vessels on or near 
the surface of the mammary glands was carried out This revealed 
that nerve stimulation produced visible constriction of small arteries 
(20-100 u) but little if any change in the calibre of the accompanying 
(5 o_i50 a) and capillaries (fig 5), although the application of a 
vem 1 - 'me to the capillaries on the surface of a lobule did 

To nerve stimulation (10/50/1/15) there was a 
2 seconds, after which the artery rapidly contracted 


small dose of adrenal 
produce blanching 
latent period of about 
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and the blood flow in the artery and vein slowed or even stopped 
During the response, which lasted 1 to 2 minutes, the blood corpuscles 
m the vem could be seen proceeding m a senes of jerks, and even gomg 
backwards on occasions Serial sections of such a pair of vessels that 
had been observed in the living state (artery 50 y and vem 100 y) showed 
that smooth muscle could only be detected m the medial coat of the 
artery and that three very fine nerve fibres ran between its media and 
adventitia 

The vasoconstnction produced by nerve stimulation was shown to 
be unaffected by esenne sulphate (0 1 mg /kg into the whole animal or 
50-100 yg intra-artenally), by atropine sulphate (0 3 mg /kg intra- 
venously or 50-100 yg intra-artenally) and by mcotine (0 6 mg intra- 
arterially), but was abolished by ergotoxme, ergotamine and dihydro- 
ergotamme (0 3 mg /kg mtravenously or 0 1—1 0 mg intra-artenally) 
(figs 6 and 0) Reversal of the response with ergot preparations was 
seen in only 7 out of 14 experiments, and in these the vasodilatation 
produced by nerve stimulation was small and transient In four 
perfusion expenments (3 cats and 1 dog) dihydroergotamine, in addition 
to abolishing the effects of nerve stimulation, produced a marked and 
lasting vasodilatation, as shown by a permanent fall in perfusion 
pressure and a rise m the venous outflow Cocaine hydrochloride was 
administered mtravenously to the whole cat according to the method 
of Rosenblueth and Schlossberg [1931], and, m conformity with their 
findings, potentiated (60-100 per cent ) and prolonged (up to 10 times) 
the vasoconstrictor response to nerve stimulation, but only when 
sufficient had been injected to produce toxic effeots on the heart Tannio 
acid (0 6 mg mtravenously and 10 jig intra-artenally) also potentiated 
(20-100 per cent ) and prolonged (30-110 per cent ) the responses to 
nerve stimulation m 6 out of 8 expenments m the dog and cat (plethys- 
mography and perfusion) This was of interest in view of the recent 
finding of Konzett [1948] that this drug has the same effects on the 
physiological actions of adrenaline, an action also found m these expen- 
ments These findings showed that the nerve endings concerned were 
adrenergic 

Reflex Vasoconstriction — This was demonstrated m the cat by 
comparing the responses of the intaot gland with that of its opposite 
control, which was denervated In this preparation, anoxia, produced 
by clamping the trachea or by rebreathing mtrogen, caused a passive 
increase m the volume of the denervated gland coinciding with the 
nse m B P , but a decrease m the volume of the innervated side When 
the latter was also denervated a passive response to anoxia was then 
seen in both glands The vasoconstnction of the innervated gland, 
which must have been central or reflex in ongm, was of the same magni- 
tude as was subsequently produced when the distal cut end of the same 
nerve was maximally stimulated - 
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no greater tendency for vasodilator responses to appear when the vessels 
were m a more constricted state, as judged by a high resting perfusion 
pressure or a poor blood flow through the intaot gland In one experi- 
ment, weak electrical stimuli which regularly produced a diminution in 
gland volume had the opposite effect after tannic acid administration 


The Motor Actions of Drugs on the Mammary Blood Vessels 

Table H summarises the results obtained, and particular reference 
will be made to only adrenaline and acetylcholine 

Adrenaline — The sensitivity to this substance was great By intra- 
arterial injection into the perfused gland the threshold dose varied 
between 0 06 and 0 006 gg in the cat and 0 001 and 0 0001 /xg in the 
dog Since the glands weighed 10-20 g in the cat and 40-90 g in the 
dog, it appeared that the dog’s mammary vessels were more sensitive 


Substance 


Table II — Responses to Dbugs 

v* 

Minimum effective doae used 


Species 


Response 





Whole animal 

Isolated gland. 

Adrenaline 

Cat 

Vasoconstriction 

0 01 /ig * 

0 005 ug * 


Dog 

„ 

lOpg 

0 0001 /xg * 

Acetylcholine 

Cat 

Vasodilatation 

1 0/ig 

0 2 fig* 


Dog 

»> 

1 Ofig 

Qlfig 

Histamine 

Cat 

Vasodilatation 

0 1 pg 

0 1 /ig 


Dog 



0 1 fig 

Dre thane 

Cat 

Vasodilatation 

10 mg 

0 3 mg 


Dog 

» 


1 0 mg * 

Pentobarbitone 

Cat 

Vasodilatation 


0 05 mg 


Dog 

»# 


0 01 mg 

Chloralose 

Cat 

Vasoconstnotion 


1 0 mg * 


Dog 

»» 


1 0 mg * 

Pitocrn (oxytocin) 

Cat 

Usually a vasoconstriction, 

0 01 unit + 

0 001 unit * 


Dog 

sometimes vasodilatation 


0 0001 unit * 



with smallest doses 




Cat 

Ejection of milk 

0 01 unit * 

0 01 unit * 


Dog 

, 


0 001 unit * 

Pitressin 

Dog 

V osoconstnction, 


0 01 m unit. 



no ejection 



Pflocarpme 

Cat 

Vasodilatation 

0 5 mg 



Esenne 

Atropine 

Nicotine 

Dihydroorgotamuno 


Cat 

Dog 

Cat 

Dog 

Cat 

Dog 

Cat 

Dog 


Vasoconstnation 

» 

Varied 

V asodilatation 

»» 

Varied 


0 6 mg 

1 0 mg 


Only those figures marked with an asterisk * represent threshold doses 
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Vasodilatation — Nerve stimulation occasionally produced small 
vasodilator responses m the cat (Table I), usually with weak stimuli 




/n k_i o volt 0 1-0 01 msec ) In many other os-penmonts such weak 
stimuli produced either no effect at all or vasoconstriction There « as 
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Flo 7 — Expt D 3 Dog 14 5 kg 2 days' involution Chloraloso anaes- 
thesia. Perfusion of R 4 started at 2 51 p m VO 14 drops per o e B P by 

mercury manometer 

1 4 22 p m Stimulation of external spermatic nerve, 10/60/1/17 

2 4 32 „ Adrenaline 0 001 fig , intravenously 

3 4 36 ,, „ 0 1 fig , ,, -* 

4 4 41 „ „ 0 01 fig, „ 

See also fig 8 
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Doseof Adrenalinem^i? 

Fio 8 — Doao response curves to adrenaline administration 
X Expt D 3 Dog 14 5 kg Perfusion Taken from fig 7 
II Expt C 30 Cat 2 8 kg Intact gland in plethysmograph Adrenaline 
by intravenous injection. Sarao experiment as figs 2 and 0 
111 Expt, C 10 Cat 3 8 kg Lactatmg 5 days Pontobarbitono and uxotliano 
anesthesia. L 4 perfused for 1 hour 
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to adrenaline than were the cat’s The duration of the response m both 
species varied between 1 and 20 minutes according to the dose (see fig 7) 
The smallest amounts occasionally caused a fall in perfusion pressure, 
which was often followed by the usual pressor response Diphasic 
responses similar to those described as occasional effects of nerve 
stimulation were also observed a few tunes with adrenaline By intra- 
venous injection into the whole animal, the threshold dose that produced 
a shrinkage in mammary gland volume accompanied by a slight rise or 
no change in B P was 0 01—0 1 pg m the cat (fig 2) Adrenaline was 
tested m this way m only two dogs (11 6 and 17 3 kg ), 1 pg produced 
vasoconstriction in each case (fig 3) In all experiments the size of 
response varied with the dosage Typical dose-response curves are 
shown in fig 8 The ergot preparations listed, used in the dosage 
required to suppress the results of nerve stimulation, also abolished 
(3 experiments) or temporarily reversed (7 experiments) the effeots of 
adrenaline (fig 9) 

Acetylcholine — This produced vasodilatation m doses of 0 1-1 0 pg 
in the isolated gland of the dog and cat (unesermised), but in the whole 
animal the results were more variable and the individual sensitivity to 
the drug covered a wide range Small doses (1 pg ) usually produced 
a fall in B P and an mcrease in mammary gland volume, but a fall m the 
latter was also sometimes seen, which was interpreted as being due to 
a fall in inflow pressure A similar variation was encountered m one 
experiment m which 1 pg by intra-arterial injection either increased 
or decreased the venous outflow from the intact gland The fact that 
this dose regularly produced vasoddatation m the perfused gland 
suggests that the results in the whole animal were due to capacity 
effects i 


Spontaneous Oland Volume Changes 

The spontaneous pressure changes met with in early perfusion 
experiments have been discussed under Methods, where it was suggested 
that they were largely due to artefacts arising from imperfections in 
technique However, in the plethysmography experiments, a greater 
or lesser amount of spontaneous variation m mammary gland volumo 
was seen in 20 out of 21 experiments in the cat and in 1 out of 2 dogs 
Although these variations did not preclude the recording and mterpre 
tation of responses produced experimentally, an attempt a as inado to 
determine them origin and cause 

In addition to pulse and respiratory waves, which were not alwajs 
shown on the volume records, two types of spontaneous wave could bo 
, , miiaW Tvne I consisted of large, sudden, regular increases in 
SSSSe, whfch subsided quickly Each response lasted 20-00 
g 1 , Thev were usually only seen for limited periods m anj one 
experiment (figs 2 and 9) Type H had a s.mdar wave length, but were 
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in the B P , the general level of which fell as the bladder filled (fig 9) 
Opening the abdomen partially and puncturing the bladder completely 
reversed the fall m B P and likewise abolished the spontaneous volume 
changes They could be reproduced, however, by gently pressing on 
the abdomen before and on the posterior vena cava after relieving the 
distended bladder (fig 9) They also reappeared spontaneously when 
the bladder was refilled with saline to its original state of tension 
Thus it was concluded that, m this experiment at least, the spontaneous 
changes m B P , fat volume and mammary gland volume were due to 
pressure on the vena cava, damning blood up peripherally and decreasing 
the venous return to the heart In this particular case it appeared that 
the efforts of the bladder to evacuate its contents were the motive force, 
but in other experiments it appeared to be either bladder, uterine or 
rectal movements Such effects were only entirely abolished by com- 
plete evisceration, thus stressing the fact that any slight pressure on the 
abdominal vems can cause such phenomena 

When the venous pressure was recorded as well as the mammary 
gland volume, it was confirmed that type I waves were accompanied 
by a rise m venous pressure (fig 10), but that the smaller spontaneous 
waves called type II were mdependent of venous pressure variations, 
both when it was measured in the femoral vem and in the subcutaneous 
abdominal vem itself (fig 10) Type II waves were also seen in other 
experiments, in which the abdomen was open and the bladder empty, and 
occurred in the mammary gland on one side of the cat when there was no 
such change m the inguinal fat on the other The recent finding of 
Peeters, Coussens and Oyeart [1949], Peeters, Coussens and Sierens 
[1949], and Peeters, Massart, Oyeart and Coussens [1948] that the 
cow’s teats undergo rhythmical contractions under certain conditions, 
suggested that this factor might be concerned here However, removal 
of the teat and areola had no effect upon the spontaneous volume 
changes, and since these tissues weigh only about 100 mg in the cat, it 
is probable that if teat movements were taking place they would be too 
small to be recorded by the apparatus used Another explanation 
might have been that uterine movements produced the small waves 
of type II by pulling on the round ligament and thus compressing the 
external pudic vem as it passed through the inguinal canal However, 
removal of the round ligament had no effect on the gland volume changes 
Histological examination revealed a few scattered smooth muscle cells 
m the interlobular connective tissue of the gland, and it was found that 
some bundles of striated muscle from the panmculus carnosus muscle 
traverse the glands (even penetrating into the teat in one case), but it 
was not considered that either type of muscle could easily produce the 
mammary gland volume changes in question 

Finally, it was discovered that type II waves frequently occurred 
simultaneously in both inguinal mammary glands (L and R 4 in fig la) 
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smaller and less regular It was difficult to decide whether the primary 
change was a contraction or dilatation of the gland They were usually 
present throughout an experiment, but tended to disappear as the gland 
deteriorated m its responses to nerve stimulation and drugs (figs 10 
and 11) 

Type I waves were usually accompanied by a shght fall in B P , and 
were unaffected by cutting the external spermatic nerve, by bilateral 


FV 0,5 
cc. 

oo 


G V o-s 
cc 
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10 Sec 
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Fia 9— Expt C 39 Cat Same experiment as fig 2 Spontaneous changes m fat volume, 

mammary gland volume and B P 


4 17 pan 

1 4 29 „ 

2 4 29 „ 

3 4 30 „ 

4 5 35 „ 

5 6 14 „ 

6 0 15 „ 

7 0 17 „ 


Dihydroergotnmme 1 mg, intravenously 

Adrenaline 1 0 (j g , intravonously 

Stimulation of external spermatio nerve, 10/C0/1/25 Left side 
„ , „ „ , Right side 

Continued spontaneous responses 

Abdomen opened and the very full bioddor pressed four tunes 
Bladder punctured 

Posterior vena cava pressed gently twico 


vagotomy, by bilateral adrenalectomy, or by clamping tho carotid 
arteries They were also unaffected by liberal appbcations of procaino, 
me phenol and formalin to the subcutaneous abdominal vessels 
C °cl lvmpbatics (the only connections with the cat) Tbov woro soino- 
t" a caused by moving the rectal thermometer, again after thorough 
A 6 ration In I efc ttnot ber experiment spontaneous increases of this 
denerva i of thc , n gumal fat on one sido, and the inguinal 

tjrpo m the ot her (both denervated), stea<hl> increased m 

mammary g blad(ler became more and more distended during the 
aize as tne eIia nges were accompanied by opposing changes 
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and m a kidney, and usually bore a simple relationship to Traube-Hering 
type waves m the blood-pressure tracing (one gland volume wave 
corresponding to 1 or 2 B P waves) These B P waves were similar 
to those described by Barcroft and Nisimaru [1932] and by Barcroft, 
Nisimaru and Steggerda [1932], which were attributed to contraction 
and relaxation of the spleen and mtestmes and were abolished by 
clamping the splenic and mtestinal vessels These procedures, on the 
contrary, had no effect on the B P or organ volume waves encountered 
m the present experiments However, when the respiration was recorded 
m addition, it was seen that the waves in the B P and the mammary 
gland volume could be correlated with rhythmical fluctuations m the 
depth of respiration (fig 1 1 ), 1 and that they disappeared when the chest 
was opened and the animal put on artificial respiration (Starling Ideal 
Pump) 

It was concluded, therefore, that neither type of spontaneous 
mammary gland volume changes met m these experiments was specifi- 
cally concerned with the mammary glands type I were due to compres- 
sion of the great veins m the abdomen by the abdominal viscera, and 
type II were due to changes in the blood flow through the glands, which 
was of central origin and probably connected with variations m the 
depth of respiration 

Discussion 

From these experiments it is apparent that the mammary glands 
receive vasomotor fibres from the cutaneous mixed spmal nerves The 
usual response to electrical stimulation of the distal cut ends of these 
nerves is a vasoconstriction of the small arteries and arterioles m the 
mammary glands, the vessels which histological examination reveals 
have a well formed muscular medial coat and two or three fine nerves 
between the media and adventitia It can also be shown that the 
vasoconstrictor nerves concerned are adrenergio, because (a) adrenaline 
has the same action, (b) the vasoconstriction is unaffected by eserine and 
atropine, (c) it is potentiated by cocaine and tannic aoid, and (d) abolished 
or reversed by ergot preparations 

It is well known that the mixed spinal nerves contain sympathetic 
vasomotor fibres There can be little doubt that the vasoconstrictor 
fibres m the lumbar nerves, which have been shown in these experiments 
to extend to the mammary glands, skin and subcutaneous fat, are 
sympathetic m origin and pass to the spmal nerves in the grey rami 
The location of the cell stations of the fibres concerned is beyond the 
scope of this paper, but many careful dissections have failed to reveal 
any connections between the abdominal sympathetic plexuses and the 
spmal nerves studied This confirms the finding of St Clair [1942], who 
noted an mcrease m the temperature of the cow’s udder when he removed 
1 Investigated at the suggestion of Professor R J S McDowall 
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rat, guinea-pig and rabbit, developing m tlie subcutaneous fat, take over 
the pre-existing capillaries, •which become enlarged in the region of the 
mammary tissue (some become differentiated into arterioles and venules), 
and that no new vessels are formed It has been shown in the present 
experiments that the mammary fat also receives sympathetic vaso- 
constrictor fibres, so that the vessels taken over by the developing 
mammary gland are presumably already innervated, and the growth of 
nerves may be as limited as the growth of vessels in these species. 
Dabelow also states that the capillaries in the fat between the lobules, 
which are continuous with the vessels within the mammary lobules 
themselves, m the laboratory rodents, may serve as shunts for the 
transfer of blood from an inactive (full of milk) to an active (empty) 
lobule, assuming that the distended alveoli would mechanically compress 
the capillaries m the inactive lobules If this hypothesis is correct, 
vasomotor nerves to the anastomotic vessels may be of importance for 
this phenomenon 

The difficulties and sources of error encountered m the methods used 
for these experiments need little comment The changes m mammary 
gland volume produced by extrinsic factors merely emphasise the care 
necessary in the interpretation of plethysmograph records, and the 
analysis of their causes may be of wider interest m view of simdar 
spontaneous volume waves detected by the sensitive finger plethysmo- 
graphs [see Burch, 1948] The difficulties met with m trying to perfuse 
the mammary glands also illustrate the great care required in discovering 
how far the conditions obtaining during perfusion approach the normal 
It is not sufficient to assume, as has been done by other workers in this 
field, that the mammary tissue remains normal merely because it carries 
out one or more functions as m the intact unanaasthetised animal The 
implications from these experiments, that the blood flow may be reduced 
m the perfused state on account of the vasoconstriction so easily induced 
by handling and cooling, shows that misleading findings may result 
from the use of such preparations in biochemical studies of milk secretion 
without some independent means of assessing their value 

SxmnARY 

1 The existence of sympathetic vasoconstrictor fibres in the spinal 
nerves to the mammary glands of the cat and dog has been demonstrated 
m experiments involving blood flow measurements, plethysmography, 
perfusion of the isolated gland, and microscopical examination of the 
living vessels 

2 In the cat, vasoconstriction was only observed m the small 
arteries and arterioles, vessels which, on histological examination, were 
found to have much smooth muscle in the medial coat and were 
innervated by fine unmyelinated nerve fibres 
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the inguinal nerve or the lumbar sympathetic chain, but no change 
when the posterior mesenteric plexus was ablated 

In the ru min ant the perineal nerve, which is the continuation of the 
pudio nerve arising from sacral nerves 2, 3 and 4, also sends fibres to the 
back of the mammary glands [St Clair, 1942], but this has not been 
found m any dissections of the mammary glands m the dog and cat 
The fact that nicotine has no action upon the vasoconstriction produced 
by stimulating the lumbar nerves shows that there are no ganglia m the 
course of these nerves m the mammary glands (confirmed by a similar 
finding by Peeters, Coussens and Sierens [19493 m the cow and much 
histological work) For these reasons it is difficult to agree with the 
suggestion of Petersen [1942] that the mammary gland probably receives 
parasympathetic innervation, although the evidence on which it is based, 
that the gland responds to parasympathomimetic drugs, is confirmed 
Ho convincing evidence was found of vasodilator fibres to the 
mammary glands in these experiments It may be that the small and 
inconstant responses observed w ere in fact due to the stimulation of 
either sympathetic or antidromio vasodilator fibres, although the latter 
hypothesis is unlikely, since the time relations and characteristics of the 
responses recorded were not typical of antidromio vasodilatation It 
could be suggested that vasodilatation was not readily demonstrated 
because the innervated vessels were already fully dilated, but all the 


observations made point to the opposite conclusion In fact, the major 
difficulty of the preparation for all experiments reported here was to 
reduce spontaneous vasoconstriction, and the conditions should have 
been ideal for the demonstration of vasodilatation 

Although it has not been directly shown that sympathetic vaso- 
constrictor fibres play any part m controlling the blood flow through the 
mammary glands of the unanaesthetised animal, the vasoconstriction to 
anoxia demonstrated in the anaesthetised state is as great as can be 


subsequently produced by maximal stimulation of the external spermatic 
nerve and this severely curtails the blood flow through the gland for 
1 to 2 mi m ites or more It seems very hkoly, therefore, that the fall in 
milk yield, which is so well known to occur m the cow when subjected 
to fear or pain, is a direct consequence of a poor blood flow through the 
organ resulting from reflex vasoconstriction, and tko action of adrenaline 
released into the circulation under these circumstances 

Vasomotor nerves have been demonstrated in these experiments 
onlv in lactation and in commencing involution In \ lew of the rapid 
•th of the mammary gland m the first half of pregnancy, and its 
S' 0 - md in volution at the end of lactation, accompanied in the 
Sit according to Wahl [1915], by the formation of now vessels it 
ra , „ iw it mrnht be a suitable tissue for following the grow th 
TZrlt 1 of ™motor nonet Hooovor, tin* mo, not bo the 
and de |!^elow [J933] believes that the mammary glands of the mouse, 
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3 The nerve endings concerned are thought to be adrenergic, 
because — 

(a) adrenaline has the same action in very small doses, 

(b) their effects are unaffected by eserrne, atropine and nicotine, 

(c) are potentiated by cocaine and tannic acid, 

(d) abolished or reversed by ergot preparations 

4 No convincing evidence has been obtained of the existence of 
active vasodilator fibres in the spinal nerves studied, or of para- 
sympathetic innervation of the mammary gland 

5 The mammary blood vessels are very sensitive to cooling, to 
■which they react by vasoconstriction 

6 Two types of spontaneous volume waves seen in plethysmograpk 
experiments are desonbed and their causes discussed 
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NOTE UPON THE STABILITY OF THE RATE OF PARA- 
AMINO HIPPURATE FORMATION OF RAT LIVER AND 
KIDNEY SLICES AND OF OXYGEN CONSUMPTION IN 
VITRO AFTER BURNING By D W van Bek™! 

G H Lathe s and R A Petebs From the Department of 

Bioohemistry, Oxford 

0 Received for publication 1 6th November 1049 ) 

As the matter seemed important, we have investigated the enzymatic 
behaviour of liver and kidney slices during the height of the metabolic 
disturbance after burning (* e after some three days), in a fresh attempt 
to find some biochemical lesion related to the nitrogen loss in the urn 
The capacity of liver and kidney tissue to form para-ammo hippunc 
acid (PAH) from para-aminobenzoic acid (PAB) and glycine has been 
determined as a possible index of metabolic changes related to proteins 
Borsook and Dubnoff [1941] have suggested that the formation oi 
■p-amino hippurate (PAH) is similar to peptide bond formation taking 
part m protein synthesis Recently Cohen and MoGilvery [1946 
lfl47 a 1947 b ] have established methods for assaying the capacity of 
tine shoes to form PAH, and have found that PAH formation depends 
on the integrity of the enzyme systems concerned m liberating the 

energy stores of tissues c t> a n 

Our experiments showed no significant change m the Tate ol "AH 

formation due to burning 

Some experiments upon Qo s in media containing various substrates 
were also made upon hver and kidney slices from burned rats after the 
three-day period It may be recalled that Muus and Hardenburgh 
T1944] and Muus, Hardenburgh and Drinker [1944], found that lymph 
from burned limbs increased the oxygen consumption tn mlro of hver 
and diaphragm of normal rats Furthermore, within 24 hours of 
burning, Clark and Rossiter [1944], and Harkins and Long [1945], 
found no change in Qo a of slices from rabbit hver and rat hver 


Method 

In the initial senes of experiments upon Q PAH and Qo a , 5 burned 
and 6 control animals (male albmo rats) were studied, six hver and 
i British Council Scholar 

* Imperial Chemical Industries Kesearch Fellow, Oxford University Present 
address Research Laboratories, Queen Charlotte’s Maternity Hospital, London, W 0 
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added, a “substrate effect” for both burned and unburned animals 
was obtained The results, given m Table II, reveal that PAR ( 001 M), 
and PAR ( 001 M) plus glycine ( 01 M), significantly depress the oxygen 
uptake in both burned and unburned animals In the case of glucose 
( 018 M) a significant though minor reduction of Qo« was produced in 


Table 11— Effect of Vaeious Substrates on the Qo. op Liver Slices op 
Burned and Unburned Bats 

(Figures in the body of the table are means and standard errors of the means 
The number of animals is in brackets ) 


Substrate 


Change in Qo, (mg wet weight) 
on addition of substrate 



Burned 

Unburned 

Difference 

Glycine 

- 08± 07 

- 10± 07 

02± 1 


(16) 

(14) 


PAB 

- 18± 08 

- 29± 08 

13± 03 . 


(16) 

(10) 


PAB + Glycine - 17 ± 06 

- 19± 07 

02 ± 09 


(12) 

(13) 


Glucose 

- 09± 06 

- 15± 05 

06 ± 07 


(18) 

(14) 


Lactate 

+ 13± 05 

+ 01± 07 

12 ± 09 


(16) 

(14) 


unburned animals 

by the addition 

Lactate ( 035 

M) significantly 

increased the Qo 2 

m burned animals 

In none of 

the five media. 

however, was the 

difference between 

burned and unburned animals 


significant 

These results indicate the remarkable faot that three days after 
burning, m spite of the marked disturbance of mtrogen metabolism in 
burned animals, so far as the liver and kidney are concerned they do 
not deviate from normal m their capacity to form the peptide bond of 
PAH, nor does their response to the added nutrients we studied seem 
abnormal 


SuxniABY 

1 No significant difference in rate of formation of PAH, and m Qo = 
of liver and kidney slices from rats, has been found between unburned 
and burned animals at the height of the nitrogen loss m the urine 

2 Para-ammo benzoic acid with and without added glycine signifi- 
cantly depresses the Qo 2 of hver slices from both burned and unburned 

animals 

3 Glucose reduces the Qo 2 of hver slices from unburned animals, 
and lactate significantly increases it in burned animals, but no significant 
difference is found between burned and unburned animals 
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five kidney slices from each animal being set up m Warburg flasks m 
oxygen Prior to burning, the animals were on a stook rat cake diet 
Burning was earned out as described by Croft and Peters [1945], the 
experimental and control animals being anaesthetized with ether 
Rats were sacrificed three days after burning, and during the inter- 
vening period the animals were tube-fed on a non-fat diet, previoush 
described [Lathe and Peters, 1949] Krebs-Rmger solution [Umbreit 
et al , 1945], buffered with phosphate at pH 7 4 and enriched with 
0 01 M glycine and 0 00102 M PAB, was used as a medium Slices 
were cut with the Stadie apparatus The flasks were flushed with 
pure oxygen for 5 minutes before being equilibrated in the bath at 
37° C for 15 minutes In the first senes of experiments at the end of 
a two-hour incubation, each flask was analysed for PAH according to 
Cohen and McGilvery [1946] 

The expression Q PAH refers to the microlitres of PAH * formed per 
hour, and is referred to the final nitrogen content (m mg ) of the shoes 

In the second senes of expenments oxygen consumption wa3 deter- 
mined over an 80-mmute interval, m duplicate upon liver slices 


Results 

The Qpah (N) of liver and kidney shoes are given in Table I It 
may be calculated that a difference of approximately 25 per cent 
would have been required to be significant No significant difference 


Table I — Qpah (N) and Qo, of Liver and Kidney Slices, Five Animals 
in each Group, Controls and Burn ed 


Qpar (N) 
Difference 

Qo, 

Difference 


Liver 


Controls Burned 

4 28± 607 4 03± 121 

25 ± 52 

65 66 ± 1 90 70 80 ± 1 44 
5 24 ±2 38* 

* P=ca 05 


Kidney 


Controls Burned 

13 40± 943 12 32 ± 923 

1 08±1 32 

123±2 43 110±67 

4±7 


was found m either tissue The Qo, of liver and kidney slices over a 
two-hour period is also given m Table I In the case of liver the differ- 
ence 13 of marginal significance, while in kidney it is not significant 
It was noted m these expenments that the oxygen consumption of liver 
was well maintained, while that of kidney dropped off to about 70 por 
cent of the initial value by the end of the two houra In this respect 
experimental and control animals behav ed alike 

T the second senes of expenments the oxygen consumption of 
. allppR -a* determined in various substrates By comparing 
f. Ter n f , n a Krebs-Rmger medium with that when a substrate was 
** 1 * 22 4 litres PAH = 1 mole 
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